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Abstract 
Over recent years evidence has rapidly accumulated to suggest that Ca 2 plays a central 
role in the transduction of a wide range of stimuli in plant cells. Stomata, the 
microscopic pores at the leaf surface which regulate gas exchange between the plant and 
the atmosphere, constitute an attractive model system for the study of signal 
transduction in plants since they respond to a variety of environmental stimuli in a 
readily quantifiable manner. 
This study describes two approaches for the study of Ca 2 -mediated signal transduction 
in stomatal guard cells. A novel assay for monitoring stimulus-induced changes in 
guard cell free cytosolic Ca 2  ([Ca2]t)  was developed, using epidermal strips from a 
transgenic line of Nicotiana plumbaginfolia harbouring apoaequorin, the precursor of 
the Ca2 -sensitive photoprotein, aequorin. Results indicated that mechanical, low 
temperature and abscisic acid (ABA) signals directly affect stomatal behaviour, 
promoting rapid closure, and that elevations of guard cell [Ca 2+] Cyt  play a key role in 
the transduction of these signals. Studies with Ca 2 channel blockers and the Ca 2 
chelator EGTA, further suggested that mechanical and ABA signals primarily mobilise 
Ca2 from intracellular store(s), whereas influx of extracellular Ca 2 was a key 
component in the transduction of low temperature signals. The stomatal response to low 
temperature was found to be significantly influenced by the previous plant growth 
temperature. 
The second approach involved the production of transgenic lines of N. plumbaginfolia 
expressing apoaequorin under the control of two guard cell 'specific' promoters, the 
ABA-responsive cDeT6-19 promoter from Craterostigina plantagineum (Michel et al., 
1994; Taylor et al., 1995) and the constitutive lipid transfer protein (LTP 1) promoter 
from Arabidopsis thaliana (Thoma et at., 1994), enabling stimulus-induced changes in 
guard cell to be monitored in intact seedlings. ABA-induction of cDeT6-19 promoter 
activity did not affect the ability of stomata to respond to further applications of ABA. 
Results showed that mechanical and cold shock signals induced similar Ca 2 responses 
to those observed in epidermal strips, with similar sensitivities to Ca 2 antagonists. 
Phosphoinositide turnover, possibly stimulated by a coupling G-protein, was also 
implicated in the low temperature signaling pathway. 
The hypothesis that Ca2 plays a central role in the molecular clock mechanism in plants 
has also been investigated. Transgenic N. plumbaginifolia, expressing apoaequorin 
under the control of the CaMV 35S promoter were found to exhibit circadian 
oscillations in [Ca 2 ]t in free-running conditions, confirming previous findings of 
Johnson et al. (1995). Results obtained by chemical manipulation of the rhythm 
indicated a requirement for both intracellular Ca 2 -release and influx from extracellular 
sources for the maintenance of rhythmicity. Also implicated in the regulation of 
oscillatory [Ca2+]Cyt  were G-proteins, calmodulin and phosphorylation / 
dephosphorylation reactions. Results did not support a central role for Ca 2 in the 
molecular clock mechanism, but did not preclude, the possibility that oscillations, 
entrained by daily changes in light intensity, may play a role in the photic entrainment 
pathway. This study also provided preliminary evidence that Ca 2 may play a role in the 
diurnal control of stomatal movements, since guard cell 'targeted' transgenic seedlings 
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Chapter 1 
Introduction 
1.1 The role of Ca2 as a second messenger 
Throughout the life of an organism each cell may perform a number of different 
functions, either to fulfill a genetically pre-programmed role in growth and development 
or to enable physiological response and adaptation to environmental change. In either 
case, co-ordination of the complex network of interactions which determine cellular 
activity is dependent upon the reliable transduction of information throughout the 
organism. The ability to sense and integrate environmental signals into an appropriate 
physiological response is of fundamental importance in plants which, unlike most 
animals, must respond in situ to often dramatic changes in their environment. The study 
of signal transduction in animal cells has revealed the existence of at least 3 second 
messenger pathways: the cyclic-adenosine monophosphate (c-AMP) pathway, the 
cyclic-guanosine monophosphate (c-GMP) pathway and the Ca 2 pathway. While 
equivalent studies in plants are still comparatively in their infancy, there is evidence that 
c-GMP (Penson et al., 1996; Wu etal., 1996) and c-AMP (reviewed in Assman, 1995) 
may be involved in the transduction of certain stimuli in plants. Most notably however, 
a central role for a Ca 2 -based pathway in stimulus-response coupling in plants has 
emerged (section 1.2). 
1.1.1 Why Ca2 9 
The reasons for the evolutionary selection of Ca 2 as the mediator of a diverse array of 
cellular functions are thought to reflect certain aspects of the chemistry of this ion and a 
biochemical necessity to maintain low levels of Ca 2 in the phosphate-rich environment 
of the cytosol (Hepler and Wayne, 1985; Morgan, 1990). The free cytosolic Ca2 
concentration ([Ca2])  in resting cells is maintained at very low levels, around 
lOOnM, compared with levels in the millimolar range in the extracellular environment 
1 
and in organelles. This creates very steep electrochemical gradients across the plasma 
membrane and endomembranes, favouring the influx of Ca 2 into the cytosol. Under 
resting conditions the permeability of these membranes to Ca 2 is low and even upon 
stimulation of a cell, the influx of Ca 2 both from the extracellular environment and 
intracellular Ca2 stores is stringently regulated via voltage-gated Ca 2 channels, second 
messenger-operated channels and stretch-operated channels. Ca 2 influx across these 
channels may elevate [Ca 2+]Cyt  to micromolar levels in a stimulated cell. However, Ca 2 
homeostasis is rapidly restored following stimulation primarily by the tightly-regulated 
coordination of a number of sophisticated Ca 2 transporter mechanisms at both the 
plasma membrane and endomembranes (including Ca2 -permeable channels, Ca2 -
ATPases, Ca2 /nW antiporters, Ca 2 fNa antiporters) which mediate the rapid removal 
of these potentially cytotoxic levels of Ca 2 from the cytosol. It is this capacity of the 
cell to stringently regulate [Ca2 ]t which allows Ca2 to function effectively as a 
second messenger. 
In addition, cells have evolved an array of cytosolic Ca 2 -binding proteins; the best 
characterised one being calmodulin (CaM). Stimulus-induced changes in [Ca 2+]Cyt  may 
therefore modulate cellular activity either directly or by binding to cytosolic Ca 2 -
binding proteins. The atomic structure of Ca 2 allows a great deal of flexibility in the 
formation of Ca 2 /Ca2 -binding protein complexes and as Ca 2 also has a low free 
energy of hydration, its hydration sphere is shed quickly upon binding enabling it to 
mediate fast reactions (Campbell, 1983). 
1.1.2 The Ca2 signaling pathway in eukaryotic cells 
The Ca2 signaling pathway (illustrated in Figure 1.1) is initiated upon stimulation of a 
tyrosine kinase-linked or a heterotrimeric GTP-binding protein (G-protein) -linked 
receptor at the cell surface by a specific primary signal. In the case of G-protein-linked 
receptors, agonist binding results in a conformational change of the receptor protein and 
dissociation of the G-protein into G-a and G-13i subunits. Both subunits activate 
different isoforms of phospholipase C (PLC), which in turn catalyses the enzymatic 
2 
hydrolysis of membrane-located phosphatidyl-4,5-bisphosphate (PIP 2). It is thought 
that the G-CL subunit activates PLC-f31 and the G-By subunit, PLC-132 (reviewed by 
Berridge, 1993). Tyrosine kinase-linked receptors also trigger the enzymatic hydrolysis 
Of PIP2 via direct interaction with another PLC isoform, PLC- ,Y. Whichever type of 
receptor is stimulated, PLC-stimulated hydrolysis of PIP2 yields 2 products, inositol-
1 ,4,5-trisphosphate (1P3) and diacylglycerol (DAG). These 2 molecules initiate the 2 
limbs of a bifurcating signal transduction pathway: the Ca 2 -CaM branch and the 
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Figure 1.1: The Ca2 -signaling pathway in eukaryotes 
A simplified schematic summary of events whereby stimulus-evoked phosphoinositide 
turnover at the plasma membrane initiates the PKC and Ca 2 -CaM branches of the 
bifurcating Ca2 pathway. 
S = stimulus, R = receptor, G = G-protein, C = phospholipase C, DAG = 
diacylglycerol, 1P3 = inositol-1,4,5-trisphosphate, 1P2 = inositol-1,4-bisphosphate, IP 
= inositol-l-phosphate, PT = phosphatidylinositol, PIP = phosphatidylinositol-4-
phosphate, PIP2 = phosphatidylinositiol-4,5-bisphosphate (after Trewavas and Gilroy, 
1991). 
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factor), and those which are based on protein-protein interactions (reviewed in 
Berridge, 1995). An example of this second group of hypotheses is the conformational 
coupling model which proposes that the IP3R itself may be involved in the transmission 
of 'filling status' information to the plasma membrane. It is hypothesised that IP3R 
undergoes a conformational change upon release of Ca 2 from the ER, and that this 
information is transmitted by the large cytosolic head of the IP3R to plasma membrane 
Ca2 -release-activated Ca 2 (CRAC) channels by a protein-protein interaction, causing 
the channels to open (Irvine, 1990; Berridge, 1990, 1993). 
A second family of intracellular Ca2 -release channels identified in animal cells are the 
ryanodine receptors (RYRs). These channels share considerable structural homology 
with the IP3Rs and are also activated by Ca 2 via CICR. In addition to these 
intracellular Ca2 -release mechanisms, influx of Ca 2 across the plasma membrane is 
also known to play an important role in the Ca 2 -signaling pathway, and it has been 
suggested that in some animal cells inositol phosphates may directly activate specific 
Ca2 channels within the plasma membrane (Irvine, 1990, 1991; Khan et al., 1992). 
Small influxes of Ca2 across plasma membrane Ca21  channels are also thought to 
stimulate CICR from intracellular Ca 2 -stores in some cells (Berridge, 1993). 
By whichever of these mechanisms stimulus-induced increases in [Ca 2 ] arise in a 
particular cell type, the Ca2 signal is then transduced into altered cellular function via 
phosphorylation and dephosphorylation reactions, either by the direct activation of 
Ca2 -regulated protein kinases and phosphatases or by binding to effector proteins, 
such as troponin C, parvalbumin and CaM. CaM is one of the best characterised Ca 2 -
binding proteins and is known to be a major mediator of Ca 2 function in cellular 
regulation (Cheung, 1980). This low molecular weight protein is ubiquitous among 
eukaryotes and is highly conserved both structurally and functionally, reflecting its 
importance in modulating basic cellular functions (Marmé and Dieter, 1983). It 
possesses 4 EF hands, the characteristic Ca 2 -binding domain of 11-12 amino acids in 
a helix-loop-helix configuration, 2 at the C-terminus and 2 at the N-terminus. The C-
terminal hands bind Ca 2 tightly (Kd = 10 6M) whereas the N-terminal hands show a 
lower affinity (Kd = 10 5M) (Linse et al., 1991). Upon binding Ca2 , CaM undergoes 
a conformational change, resulting in the exposure of 2 hydrophobic regions which 
have recently been shown to bind specifically to CaM binding domains in a variety of 
different proteins (James et al., 1995). Ca2 and Ca2 -CaM-dependent reactions have 
been implicated in the regulation of a wide variety of cellular processes in eukaryotes 
including the regulation of ion transport (Zhang et al., 1993; Luan et al., 1993), 
secretion processes (De Lorenzo, 1982; Schubart et al., 1982), muscle contraction 
(Stull et al., 1986) and cell proliferation (Rasmussen and Means, 1987). 
1.1.3 Modulation of the Ca2 signal 
One of the most intriguing aspects of Ca 2 signaling concerns how the elevation of 
a common response to many external stimuli, mediates such diverse cellular 
processes. Firstly, the interpretation of a Ca 2 signal will clearly depend upon the cell 
type and physiological state of the cell, together with the concentration, type and 
distribution of Ca2 -binding proteins and Ca2 -CaM-regulated enzymes in the cell. 
Some of these factors will be genetically determined and may vary as the organism 
develops. In addition, this versatility is thought to be achieved by modulation of the 
amplitude of the Ca2 response and its spatiotemporal distribution (Berridge, 1993, 
1997; Bootman and Berridge, 1995). For example, the amplitude of the Ca 2 signal can 
vary according to the intensity of stimulation. Graded or quantal responses have been 
observed both for IP3Rs (Bootman et al., 1994) and RYRs (Berridge et al., 1995), and 
are thought to arise due to variations in the sensitivity of small groups of these 
elementary Ca2 -release units to 1P3 and/or Ca 2 , resulting in the hierarchical 
recruitment of Ca2 -release channels (Berridge, 1997). If the intensity of stimulation is 
low only transient 'puffs' or 'sparks' of Ca 2 will be released. Since Ca2 does not 
diffuse quickly in the cytosol, these signals would not be amplified or propagated if 
neighbouring IP3Rs or RYRs are too distant or not sufficiently sensitive to respond to 
such low level Ca2 -release. If however, the intensity of stimulation is increased the 
recruitment of greater numbers of Ca 2 -release channels, increased frequency of Ca 2 - 
rel 
release and communication between the elementary Ca 2 -release units (via CICR) can 
give rise to more global Ca 2 responses such as waves and repetitive oscillations. It has 
been shown for example, that the photolytic release of low concentrations of 1P3 from 
its caged form in Xenopus oocytes gives rise only to small, localised, low frequency 
'puffs'. When the concentration of 1P3 is increased however, a propagating Ca 2 wave 
is initiated (Yao et al., 1995). The precise spatiotemporal characteristics of such waves 
will depend primarily upon the distribution and sensitivity of elementary Ca 2 -release 
units throughout the cytosol. 
It is considered that stimulus-induced oscillations in [Ca 2+]Cyt may also be generated by 
similar mechanisms (Berridge, 1991; Thomas et al., 1991). The regenerative properties 
of CICR are central to the oscillatory model, permitting the enhancement of Ca 2 - 
release from the elementary Ca 2 -release units when [Ca2 ] t is low, and inhibiting 
Ca2 -release as [Ca 2+] Cyt  increases via the negative feedback component. Oscillatory 
[Ca2 ]t could be sustained by the capacitative influx of Ca 2 across the plasma 
membrane to replenish the intracellular stores. Previous studies concerning hormone-
induced Ca2 oscillations have indicated that the frequency of the oscillations are 
determined by the agonist concentration (e.g. Somogyi and Stucki, 1991). 
It should be noted that the generation of Ca 2 waves and oscillations has also been 
suggested to arise primarily as a result of waves and oscillations respectively, of 1P3 in 
the cytosol (Meyer and Stryer, 1988, 1991). One hypothesis is that Ca 2 can activate 
PLC-stimulated phosphoinositide turnover via a positive feedback loop, resulting in the 
generation of pulses of 1P3 (Berridge, 1993). Whether spatiotemporal Ca 2 phenomena 
arise primarily by oscillatory 1P3-mediated Ca 2 release across the IP3R, or oscillatory 
CICR across the IP3R and RYR, or indeed by a combination of both, therefore remains 
to be determined. 
In summary, amplitude and frequency modulation of the Ca 2 signal can give rise to 
Ca2 responses with varying spatiotemporal characteristics, ranging from 'puffs' or 
'sparks' of different amplitudes to repetitive Ca 2 oscillations and propagating waves. 
7 
Modulation and interpretation of the Ca 2 -signal will depend on the cell type and 
physiological state of the cell, together with the concentration, type and distribution of 
elementary Ca2 -release units, Ca 2 -binding proteins and the enzymes they regulate. 
These factors confer enormous versatility in the modulation of cellular activity by 
intracellular Ca2 signals. 
1.2 Evidence for a Ca2 -based signaling pathway in plants 
Although high concentrations of Ca 2 exist in the apoplast and inside various 
subcellular compartments (notably the vacuole, which may contain up to 1mM Ca 2 ), 
plant cells, like animal cells, maintain a low basal [Ca2]t,  in the region of lOOnM 
(Harker and Venis, 1991), as a result of which large electrochemical gradients 
favouring the influx of Ca2 into the cytosol exist across both the plasma membrane and 
organellar membranes. The identification of a variety of Ca 2 pumps and transporters in 
plant cell membranes, including Ca 2 -ATPases, Ca2 /nH antiporters, voltage-gated, 
stretch-operated and second messenger-operated Ca 2 channels (reviewed in Bush, 
1995), indicates that the mechanisms evolved by plant cells for the maintenance of Ca 2 
homeostasis may be very similar to those found in animal cells. It is also highly 
suggestive of the potential for Ca 2 to play a key role in stimulus-response coupling in 
plant cells. Indeed, intensive research in this field has indicated that tightly-regulated 
changes in [Ca2+] cyt are an important signaling event in a variety of plant cells in 
response to a diverse array of environmental signals. Furthermore, evidence is rapidly 
accumulating to suggest that Ca 2 operates as an intracellular messenger in plants in a 
pathway analogous to that found in many animal systems (Figure 1.1). 
1.2.1 Evidence that changes in [Ca 2 ]t transduce signals in plants. 
A number of studies have indicated that changes in [Ca 2+] Cyt  may be a common 
signaling event in a variety of stimulus-response couplings in plant cells. Stimulus-
induced increases in [Ca2 ] t have been observed in response to touch and wind 
(Knight et al., 1991, 1992; Haley et al., 1995), exposure to low temperatures (Knight 
et al., 1991, 1996), red light (Shacklock et at., 1992), elicitors (Knight et at., 1991), 
and a variety of hormones including abscisic acid (ABA) (Schroeder and Hagiwara, 
1990; Gilroy et al., 1991; Irving et al., 1992; McAinsh et al., 1992; Allan et at., 1994), 
auxin (Felle, 1988; Gehring et at., 1990), cytokinins (Hahm and Saunders, 1991) and 
gibberellic acid (Bush, 1992). Evidence for the involvement of Ca 2 in the transduction 
of 3 of these signals, mechanical disturbance, low temperature and the phytohormone 
ABA, is considered in more detail below. 
1.2.1.1 Evidence for the involvement of Ca 2 in the transduction of 
mechanical signals 
The sensitivity of plants to touch and wind stimulation is well documented, with a wide 
variety of cell types, including those in stems, petioles, tendrils and roots, shown to be 
responsive (Darwin, 1880; Darwin, 1891; Pfeffer, 1906). Mechanical stresses, such as 
wind, touch and shaking have been shown to considerably reduce the growth of a 
variety of species, including maize, soybean and tobacco and liquidamber trees (Neel 
and Harris, 1971, 1972; Grace, 1977; Jones and Mitchell, 1989; Knight et at., 1992). 
The first indications that Ca2 might play a role in the transduction of mechanical 
signals in plant cells emerged from studies concerning this growth inhibition response. 
It was shown for example, that Ca 2 antagonists negated mechanical stress-induced 
growth inhibition in soybean (Jones and Mitchell, 1989). More recently, in a study 
monitoring stimulus-induced changes in [Ca 2 ]t in a transgenic line of Nicotiana 
plumbaginfotia (harbouring the gene for the Ca-sensitive photoprotein aequorin - see 
section 1.5.3), it has been shown that mechanical stimulation of seedlings (wind and 
touch) induces immediate elevations of [Ca 2 ] (Knight et at., 1991; 1992). The 
authors reported that the Ca 2 response was transient, lasting for 20-30 seconds before 
returning to resting level. Seedlings exhibited a short refractory period of around 1 
minute, after which further mechanical stimulation induced another Ca 2 response. 
Repeated stimulation however, attenuated the Ca 2 -response to both wind and touch. 
The authors also noted that seedlings which responded to wind disturbance by transient 
elevations in [Ca2 ], also showed a 30% reduction in hypocotyl growth (as 
compared with control seedlings) following brief wind-stimulation (1 minute exposure) 
over 3 consecutive days. 
A central role for Ca 2 in the transduction of mechanical signals in plants has gained 
further support from the recent identification of a class of gadolinium-sensitive Ca 2 -
release channels in the ER of mechanosensitive tendrils in Bryonia dioica (KlUsener et 
al., 1995) and mechanosensitive Ca 2 channels in plant cell plasma membranes (e.g. 
Cosgrove and Hedrich, 1991; Ding and Pickard, 1993a). It is also thought that Ca 2 is 
involved in the mechanical induction of a family of touch (TCH) genes in plants, since 
Ca2 antagonists inhibit their expression (Braam, 1992; Polisensky and Braam, 1996). 
Moreover, it has been shown that the TCH gene family encode CaM and CaM-related 
Ca2 -binding proteins (Braam and Davis, 1990; Sistrunk et al., 1994). 
1.2.1.2 Evidence for the involvement of Ca 2 in the transduction of 
temperature signals 
Temperature is one of the most important environmental variables which influences the 
growth, development and physiology of plants as well as their distribution. The onset 
of developmental processes such as dormancy and germination for example, are 
triggered by seasonal variations in temperature and even daily fluctuations in 
temperature (associated with changes in light intensity) entrain endogenous biological 
rhythms in plants (Sweeney, 1987). In addition, dramatic reductions in temperature can 
have adverse effects on germination, growth, photosynthesis, phloem translocation, 
water absorption and reproduction (Minorsky, 1985). It has previously been suggested 
that structural injury upon exposure to low temperatures may be due to dysfunctional 
Ca2 homeostasis and subsequent Ca 2 toxicity (Minorsky, 1985). However, more 
recent studies have suggested that tightly-regulated changes in [Ca 2+] cyt are central to 
the transduction of low temperature signals in plants. For example, sudden transfer of 
transgenic N. p1umbaginfolia seedlings (expressing the Ca 2 -sensitive photoprotein 
aequorin) from an ambient temperature of 20°C to 0 or 5°C, has been shown to induce 
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dramatic increases in [Ca 2 ] of up to 2pM (Knight et al., 1991; 1992; Knight et al., 
1996). The Ca2 response was only transient, lasting approximately 30-40 seconds 
before returning to resting levels. The authors also reported that in these seedlings and 
transgenic A. thaliana seedlings (also harbouring aequorin), repetition of the cold shock 
stimulus 3, 10 or 30 minutes after the inital cold shock caused attenuation of the 
response. The ability to respond to cold shock was only fully regained after 30 minutes 
and the authors suggested that this might constitute a 'cold memory'. Since N. 
plumbaginfolia (a chilling-tolerant species) regained full responsiveness earlier than A. 
thaliana (a chilling-resistant species), the authors proposed that this 'cold memory' was 
related to the species' genetic sensitivity to chilling. 
It is known that exposure of some plant species to low, but non-freezing, temperatures 
can confer an increased resistance to future episodes of chilling (Kacperska, 1989), and 
a number of studies have suggested that Ca 2 may also be involved in this acquisition 
of freezing tolerance (termed cold-acclimation). For example, the development of 
freezing tolerance is associated with the accumulation of a number of cold acclimation-
specific (cas) transcripts (Mohapatra et al., 1989; Monroy et al., 1993; Monroy and 
Dhindsa, 1995), and it has recently been reported that cas gene expression is induced 
by cold-induced Ca2 influx / increases in [Ca2 ] (Monroy and Dhindsa, 1995; 
Knight et al., 1996). Moreover, both the accumulation of cas transcripts and the 
acquisition of freezing tolerance can be significantly inhibited by a variety of Ca 2 
antagonists (Monroy et al., 1993; Monroy and Dhindsa, 1995; Knight et al., 1996). It 
is also interesting to note that cold-acclimated and non-acclimated plants exhibit 
different Ca2 signatures in response to cold shock (Knight et al., 1996). The authors 
reported that transgenic Arabidopsis thaliana seedlings (expressing aequorin) exposed 
to 4°C for a 3 hour period over 3 consecutive days exhibited smaller and more 
prolonged increases in [Ca2+] Cyt  in response to cold shock, compared to those 
maintained at 21°C throughout. 
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1.2.1.3 Evidence for the involvement of Ca 2 in the ABA transduction 
pathway 
ABA is a naturally occuring phytohormone which plays an important regulatory role in 
a diverse array of developmental and physiological processes in plants including seed 
development, stomatal responses to environmental stresses and plant responses to 
wounding. A range of ABA-induced changes in [Ca 2+] cyt have been observed in a 
number of different plant cells and tissues, including rapid increases in maize 
coleoptiles (Gehring et al., 1990), gradual or repetitive increases in stomatal guard cells 
(Schroeder and Hagiwara, 1990; Gilroy et al., 1991; Irving et al., 1992; McAinsh et 
al., 1992; Allan et al., 1994) and rapid decreases in barley aleurone protoplasts (Wang 
et al., 1991). The most compelling evidence for the involvement of Ca 2 in the 
transduction of ABA signals in plants has emerged from studies concerning stimulus-
response coupling in stomata (in which the afore-mentioned increases in [Ca 2 ] t 
accompany stomatal closure) and are addressed more fully in sections 1.4.5 and 4.4.3. 
1.2.2 Other components of the Ca 2 signaling pathway identified in 
plants 
Over recent years many of the components of the classic Ca 2 -signaling pathway 
originally elucidated from studies with animal cells have been identified and implicated 
in a variety of stimulus-response couplings in plants. 
Plants have been shown to possess both membrane bound and cytosolic forms of PLC 
(Melin et al., 1987; Irvine et al., 1980; Coté and Cram, 1993) and there is a rapidly 
growing body of evidence indicating a central role for phosphoinositide turnover and 
the generation of 1P3 in plant cell signaling pathways. Stimulation of phosphoinositide 
tunover has been observed in response to a number of stimuli including white light 
(Morse et al., 1987), auxin (Ettlinger and Lehle, 1988), ABA (Lee et al., 1996), 
mechanical stress (Thonat et al., 1991) and exposure to low temperature (Smolenska-
Sym and Kacperska, 1994), in all cases yielding increased levels of 1P3. Furthermore, 
1P3 has been shown to open Ca 2 channels in the tonoplast (Schumaker and Sze, 1987; 
12 
Alexandre et al., 1990) suggesting a central role for the release of Ca 2 from the 
vacuole. Indeed the competency of plant cells to respond to an 1P3 signal via an 
elevation in [Ca2 ] t has been demonstrated (Blatt et al., 1990; Gilroy et al., 1990). 
DAG, the second product of phosphoinositide turnover, has also been implicated in 
pulvinar and guard cell signaling, although its role remains to be fully elucidated 
(Morse, 1989; Lee and Assman, 1991). 
Evidence for the involvement of G-proteins in plant cell signal transduction is also 
starting to accumulate. Early evidence for the presence of coupling G-proteins in plants 
included reports of GTP binding to crude plant extracts (Hasanuma, 1987a and b) and 
microsomal membranes (Drobak et al., 1988; Jacobs et al., 1988) and cross-reactivity 
of animal G-protein antibodies with plant proteins (Blum et al., 1988). However, genes 
which show significant homology to animal G-protein a-subunits have now been 
cloned from a number of plant species including A. thaliana (Ma et al., 1990) and Oryza 
sativa (Seo et al., 1995). A plasma membrane located G-protein identified in Pisum 
sativum has also been found to be activated by blue-light (Warpeha et al., 1991). 
Furthermore, microinjection of staminal hair cells of Setcreasea purpurea with mas7 (a 
peptide that mimics the part of a receptor protein that activates G-proteins in animal 
cells) has been found to induce rapid transient increases in [Ca 2 ] (Tucker and Boss, 
1996). 
There is also abundant evidence for the involvement of CaM and CaM-like Ca 2 -
binding proteins in cellular regulation in plants. Expression of CaM genes has been 
observed to increase in response to a number of stimuli including mechanical 
disturbance and wounding (Braam and Davis, 1990), auxin, salt stress and light 
(Botella and Arteca, 1994). A number of Ca 2 /Ca2 -CaM dependent enzymes have also 
been identified in plants, including both plasma membrane and ER Ca 2 -ATPases and a 
variety of Ca2 or Ca2 -CaM-dependent protein kinases and phosphatases (Allen and 
Trewavas, 1987; Poovaiah and Reddy, 1987; Roberts and Hannon, 1992; Shimazaki et 
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al., 1992; Leung et al., 1994; Allen and Sanders, 1995). Changes in the 
phosphorylation states of a number of different proteins have also been observed in 
response to stimulation, including touch (Piotrowski et al., 1996) and cold shock 
(Monroy et al., 1993). 
1.3 Evidence for the involvement of Ca 2 in the circadian 
regulation of endogenous rhythmic phenomena 
Since the initial observations of an endogenous timing mechanism in 'leaf sleep 
movements' in the eighteenth and nineteenth centuries (De Mairan, 1729; De Candolle, 
1832), circadian rhythmicities have been documented in a plethora of biological 
phenomena at every level of eukaryotic organization and in some prokaryotes 
(Sweeney, 1987; Hastings etal., 1991; Kondo et al., 1993). Circadian rhythms (from 
the latin, circa, about; diem, day) have evolved in response to, and are entrained by, 
environmental periodicities (zeitgeber), primarily daily changes in light intensity and to 
a lesser extent associated rhythms of temperature and humidity, such that the 
endogenous oscillation adopts the 24 hour periodicity of the zeitgeber and a particular 
phase relationship to it. Entrainment to environmental cues in this way enables an 
organism to anticipate periodic changes in its environment and regulate biological 
functions accordingly. This endogenous temporal control is of fundamental importance 
in plants, which, as previously mentioned, must respond in situ to changes in their 
environment. Indeed a wide variety of physiological phenomena are known to be 
controlled in plants in a circadian manner, including leaflet and petal movements, 
control of stomatal aperture and photosynthetic rate (Sweeney, 1969). However, 
despite extensive reports of such overt rhythmic physiological phenomena (the so-called 
'hands' of the clock), the molecular basis of the oscillator(s) generating the rhythm and 
mechanisms involved are not yet understood. To exert such accurate temporal control 
and synchronization of cellular processes involves the co-ordination of a multitude of 
circadian outputs including ion fluxes and gene expression. It has been suggested, in 
view of the enormous diversity of Ca 2 -regulated processes found at all levels of 
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organization, that Ca2 '- may also play an important role in circadian rhythmicity, either 
as a component of the molecular clock mechanism itself or at least in the entrainment 
pathway (Nakashima, 1984; Goto et al., 1985). Indeed a number of studies have 
demonstrated a requirement for extracellular Ca 2 in many circadian phenomena, 
including the regulation of cell shape in Euglena gracilis (Lonergan, 1984), leaflet 
movement in Robinia pseudoacacia (Gomez and Simon, 1995) and Albizzia lophantha 
(Moysset et al., 1994) and the firing rate rhythm of suprachiasmatic nucleus (SCN) 
neurons in rat hypothalamic slices (Shibata et al., 1984; Shibata and Moore, 1987). 
Furthermore direct perturbation of the intracellular environment with respect to Ca 2-'- can 
have dramatic effects on such rhythmic phenomena. For example, elevation of [Ca 2 ] t 
by treatment with high external Ca 2 and/or the Ca2-'- ionophore A23187 phase-shifts 
the conidiation rhythm of Neurospora crassa (Techel et al., 1990), the leaflet movement 
rhythm of R. pseudoacacia (Gomez and Simon, 1995) and the cell division rhythm in 
E. gracilis (Tamponnet and Edmunds, 1990). Transient decreases in [Ca 2+]cyt by 
chlortetracycline, a membrane permeable chelator of Ca 2-'-, also produce pronounced 
phase-shifts of the cell division rhythm in E. gracilis (Goto et al., 1985). Additionally, 
a recent study reported a lack of clearly expressed conidiation banding in Neurospora 
mutants defective in their ability to regulate [Ca 2fl (Nakashima and Ohnishi, 1992). 
A number of studies have suggested that both Ca 2 influx across the plasma membrane 
and Ca2 -release from intracellular pools may be involved in the circadian regulation of 
rhythmic phenomena in plants. It has been shown for example, that rhythmic leaflet 
closure in A. lophantha is inhibited by both intracellular and extracellular Ca 2 
antagonists (Moysset and Simon, 1989). In light of such observations it has been 
hypothesized that oscillations in intracellular Ca 2 '- compartmentation and/or oscillations 
in influx of extracellular Ca 2 '- may represent a key component of the molecular clock 
mechanism (Lakin-Thomas, 1985; Kippert, 1986; Lonergan, 1990), conceivably 
resulting in rhythmic changes in [Ca2 ] t (Goto et al., 1985). 
Such an integral role for Ca 2 in plants has gained strong support from a recent study in 
which [Ca2 ] 	was monitored over several days in transgenic lines of N. 
p1umbaginfolia and A. thaliana harbouring the apoaequorin gene under the control of 
the CaMV 35S promoter (Johnson et al., 1995). The authors reported that 
dependent aequorin luminescence in these plants exhibited robust circadian oscillations 
with a free-running period of approximately 25 hours, and could be entrained to 
different light/dark (L D) cycles. 
1.4 Stomata - A model system for the study of signal 
transduction pathways in plants 
1.4.1 Role and physiology of stomata 
Stomata are microscopic pores found in the leaf epidermes of higher plants. They are 
comprised of a pair of specialised cells (guard cells), whose movements determine the 
aperture of the pore. The primary physiological role of stomata is to allow the entry of 
CO2 into the leaf for photosynthesis, whilst simultaneously regulating the loss of water 
vapour through the transpiration stream. This dual function presents land plants with a 
dilemma: assimilation of CO2 from the atmosphere requires intensive gas exchange, 
whereas the prevention of excessive water loss demands that gas exchange be kept low 
(Raschke, 1975). In response to this problem an intricate stomatal feedback mechanism 
has evolved which provides plants with a means of responding to their continuously 
changing environment whilst maintaining plant homeostasis (section 1.4.2). Through 
this feedback mechanism the stomatal guard cells integrate environmental and 
endogenous signals into an appropriate stomatal aperture to regulate CO2 uptake and 
water loss under the prevailing conditions. Since they respond rapidly to a wide variety 
of signals in a readily quantifiable manner, stomatal guard cells constitute an attractive 
model system for the study of stimulus-response coupling in plant cells. 
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1.4.2 The stomatal feedback system: regulation by environmental and 
endogenous signals 
The stomatal feedback system consists essentially of two loops, one regulating the 
intercellular concentration of CO2 in the leaf and the other regulating leaf turgor, as 
shown in Figure 1.2. 
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Figure 1.2: Direct and indirect effects of environmental factors, and their interactions, 
on stomata. 
A = photosynthetic assimilation of CO2 by mesophyll cells; Ci = [CO2] in the 
intercellular space. (From Willmer, 1988). 
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Generally speaking, conditions that demand increased photosynthesis will stimulate 
opening of the stomatal pore, whilst conditions associated with water stress or 
decreased photosynthetic demand stimulate stomata! closure. As indicated in Figure 
1.2, environmental factors which affect guard cells directly (by affecting their water 
relations or metabolism) can also exert a variety of indirect effects on stomatal 
behaviour, either by influencing mesophyll photosynthesis or water relations of other 
cells. In addition, stomatal movements exhibit endogenous circadian rhythmicity. As a 
consequence of these complex interactions, stomatal aperture at any one time will be the 
result of a combination of all of these factors. The effects of environmental and 
endogenous factors on stomatal behaviour are outlined in sections 1.4.2.1-1.4.2.7. 
1.4.2.1 Light 
With the exception of CAM plants (those which use Qrassulacean acid metabolism for 
carbon fixation), which grow in hot, and environments and which exhibit nocturnal 
stomatal opening to prevent excessive water loss, the stomata of the majority of plant 
species open in response to light and close in darkness. Light exerts both direct and 
indirect effects on stomata! behaviour. The direct effects of light have been elucidated 
primarily from studies using epidermal strips in CO2-free air, so that guard cells are free 
from influence by mesophy!l photosynthesis and changing carbon dioxide concentration 
([CO2]). Electrophysiological studies have shown that light induces stomatal opening 
via the activation of a plasma membrane W-ATPase and subsequent stimulation of H 
extrusion from the guard cells. The resultant hyperpolarisation of the plasma membrane 
provides the driving force for K influx into the guard cell cytosol and subsequent 
increase in turgor (section 1.4.3). In general, as the light intensity increases so too does 
stomatal conductance, although very low photon flux densities, corresponding to 
around 0.05% of full sunlight, are sufficient to saturate the opening response (Travis 
and Mansfield, 1981). Stomatal opening is also directly influenced by light quality, 
largely as a result of the differential sensitivity of the guard cell photoreceptor systems 
involved in the opening response: chlorophyll, which absorbs both red and blue light, 
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and a blue-light receptor presumed to be a flavin or carotenoid (Karisson et al., 1983; 
Quinones et al., 1993). Blue light is particularly effective in stimulating stomatal 
opening, around 2-20 times more effective than red light at equal energy levels (Hsiao 
et al., 1973). The heightened sensitivity of stomatal opening to blue light, compared 
with red light, occurs primarily as a result of the greater quantum efficiency of blue light 
in stimulating H+-extrusion, particularly at low fluence rates (Assman et al., 1985; 
Amodeo et al., 1992). At higher levels of irradiation there is also some stimulation of 
H+-extrusion and K influx in red light (Hsiao et al., 1973; Serrano et al., 1988). Both 
red and blue-light-induced H+-extrusion may arise, in part from the production of ATP, 
although the observation that the outward H current is stimulated by both red and blue-
light even in the presence of surplus cytoslic ATP suggests that light acts as a signal for 
activation of the H-ATPase rather than a direct energy source (Assman et al., 1985). 
Some lines of evidence have also indicated the participation of a plasma membrane 
redox chain in blue-light-induced H+-efflux (e.g. Raghavendra, 1990), although the 
evidence available to data remains somewhat controversial. The formation of malate, an 
important contributor to guard cell turgor during stomatal opening, is also maximally 
stimulated by irradiation with blue light (Ogawa et al., 1978). 
The indirect effects of light occur as a result of the close coupling of the light, CO2 and 
temperature responses of stomata. For example, increasing photon flux density 
stimulates mesophyll photosynthesis, thereby depleting intercellular [CO2], which, in 
turn, promotes stomatal opening to replenish intercellular [CO2]. Conversely, 
decreasing irradiation results in an increase in intercellular [CO2] due to a reduction in 
the mesophyll photosynthetic rate, causing stomata to close. Increased irradiation also 
increases leaf temperature, which has implications for guard cell metabolism, 
intercellular [CO2] and the water vapour pressure gradient between the leaf and the 
surrounding air (section 1.4.2.3). 
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1.4.2.2 Carbon dioxide 
In the natural environment stomata rarely encounter significant variation in atmospheric 
[CO2], except in dense canopies, where localised areas of high [CO2] may build up as a 
result of nocturnal respiration. However, in the laboratory it has been shown that 
stomata in both intact leaves and epidermal strips close as the ambient [CO2] increases, 
and open as [CO2] decreases. Moreover, stomata in epidermal peels exhibit an almost 
linear response to [CO2] in the range 0-360ppm (Willmer, 1988). [CO2] exerts 
considerable influence over stomatal movements; indeed high [CO2] can override the 
opening effects of light, whereas CO2-free air stimulates swelling of guard cell 
protoplasts (analogous to stomatal opening) even in darkness (Fitzsimons and Weyers, 
1986). 
In the natural environment CO2 influences stomatal behaviour as a result of changes in 
intercellular [CO2} (C 1) rather than the concentration at the surface of the leaf (Mott, 
1988). When C1 decreases, as a result of increased photosynthesis upon irradiation for 
example, stomata open to facilitate uptake of CO2 from the atmosphere. As a result leaf 
C1 is maintained at an almost constant level (Raschke, 1975). Stomatal responsiveness 
to C1 however is often extremely variable, being profoundly influenced by factors such 
as plant water status, age of material and light intensity. Stomata of plants which 
experience negligible water stress during growth for example, are often insensitive to 
CO2, whereas water stress during growth, or the application of exogenous ABA has 
been shown to sensitise stomata of a number of species to CO2 (Raschke, 1975). 
The stomatal sensor for CO2 is thought to reside in the guard cells (Pallaghy, 1971), 
although the precise nature and mechanism of CO2 sensing in guard cells has not yet 
been resolved. Similarly, the molecular mechanisms whereby C 1 affects stomatal 
movements are far from fully understood. The observation that short pulses of CO2 
applied to stomata depolarise the guard cell plasma membrane, has led to the suggestion 
that high [CO2] may promote closure via the inhibition of the H+-pumping ATPase 
(Edwards and Bowling, 1985). Indeed, in the presence of the fungal toxin fusicoccin 
(which activates the plasma membrane H+-pumping ATPase thereby stimulating H+- 
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extrusion) the CO2 response of stomata can be reversed (Travis and Mansfield, 1979). 
However, the situation has been further complicated by reports that CO2 stimulates the 
formation of malate in guard cells (Raschke, 1977). This observation presents a 
paradox since increased malate synthesis is normally associated with the production of 
guard cell turgor during stomatal opening (section 1.4.3). Indeed, a minimum, critical 
level of CO2 is required for maximal stomatal opening in the light (Raschke, 1977), 
presumably to stimulate malate synthesis. The fact that stomatal closure, and not 
opening, is observed upon exposure to high [CO2] suggests that the stimulatory effect 
Of CO2 on malate synthesis is overriden by a second closing signal, possibly an 
inhibitory effect on the H+-pumping ATPase, as previously mentioned. Alternatively, it 
has been suggested that the extrusion of excess malate and subsequent anion release 
across the guard cell plasma membrane may act as a CO2 sensor in guard cells, 
initiating stomatal closure in the presence of high [CO2] (Hedrich et al., 1994). 
By whichever means [CO2] influences stomatal behaviour, it is clear that under high 
[CO2] (all other factors being equal) the mechanisms which tend to promote stomatal 
closure are dominant. However when variables such as plant water status and growth 
conditions are introduced into the equation, the fine balance between the dual and 
opposing effects of CO2 may be altered, potentially contributing to the variation often 
observed in stomatal responsiveness to [CO2] (Mansfield et al., 1990). 
1.4.2.3 Temperature 
The influence of temperature on stomatal behaviour is complex since, as with other 
environmental variables, temperature affects stomata both directly and indirectly. The 
direct effects of temperature on stomatal behaviour arise due to the modulation of guard 
cell metabolic activity as temperature increases or decreases. As the leaf temperature 
increases so too does guard cell metabolic activity. This stimulates stomatal opening, 
until an optimum temperature is reached, whereafter further increases in temperature 
become detrimental to guard cell viability. Temperature values for optimal stomatal 
opening vary considerably between species, although in general maximum apertures are 
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achieved around 30°C (Willmer, 1984; Honour et al., 1995). Increasing temperature is 
an extremely powerful environmental variable in the regulation of stomatal behaviour, 
having been shown to override the closing effects of elevated [CO2] and darkness 
(Mansfield, 1965). 
Conversely, reductions in leaf temperature tend to inhibit opening and promote stomata! 
closure (Drake and Raschke, 1974; Drew and Bazzaz, 1982; Eamus et al., 1983). The 
effects of chilling on stomatal behaviour are complicated however by the sensitivity of a 
given species to cold; determined both by genetic factors and environmental factors 
such as growth temperature. Chill-hardened or resistant plants are able to reduce 
stomatal apertures and maintain positive leaf turgor during chilling, whereas in chilling-
sensitive species such as Phaseolus vulgaris, stomata are 'locked open' during cold 
periods, despite severe wilting (e.g. Eamus et al., 1983). This disparity in stomatal 
behaviour between chilling-sensitive and chilling-resistant plants has been attributed to 
differences in the accumulation of ABA, which is thought to mediate cold-induced 
changes in stomata! aperture. Indeed, in chilling-resistant plants there is a close 
correlation between increasing levels of ABA and the ability of the stomata to respond 
to chilling by rapid closure (Pardossi et al., 1992). Conversely, ABA accumulation is 
not observed (or observed at a much reduced rate) in chilling-sensitive cold-stressed 
species, presumably as a result of either an inability to rapidly synthesize ABA at low 
temperatures, reduced stomatal sensitivity to ABA or an adverse effect on the movement 
of ABA through the transpiration stream to the guard cells (Pardossi et al., 1992; 
Eamus et al., 1983). 
The responsiveness of chilling-sensitive stomata to low temperatures can also be 
modified by the acclimation of plants to low, but not freezing, temperatures (as 
discussed in section 4.4.2). Eamus et al. (1983) for example, showed that the stomata 
of 20°C grown P. vulgaris exhibit rapid closure upon chilling to 4°C, providing they are 
exposed to 12°C for 4 days prior to experimentation. This cold-acclimation of stomata is 
considered to be an important aspect of the development of chilling-resistance in plants 
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and has been attributed to the ability of cold-acclimated plants to accumulate ABA (Daie 
and Campbell, 1981; Pardossi etal., 1992). 
Another indirect effect of temperature on stomatal movements is associated with the 
influence of temperature on internal [CO2] concentrations within the leaf. If respiration 
and photorespiration outpace photosynthesis as the temperature increases for example, 
CO2 levels within the leaf will increase, which will tend to bring about stomatal closure. 
Increased leaf temperature will also result in an increase of the water vapour pressure 
gradient between the leaf and the surrounding air. Under these conditions stomata will 
close to avoid excessive loss of water through transpiration, via hydropassive or 
hydroactive feedback (sections 1.4.2.4 and 1.4.2.5). Decreases in temperature may 
also induce closure via these negative feedback loops by reducing the water 
permeability of roots, thereby decreasing water potential in the leaf. 
1.4.2.4 Plant water status and atmospheric humidity 
The water potential of the leaf is a key determinant of stomatal conductance. It is 
determined at any particular time by the balance between the rate of water uptake from 
the soil (and storage in plant tissues) and the rate of water loss from the plant through 
the transpiration stream; consequently other environmental variables which affect these 
processes, including soil water availability, temperature, wind or humidity will have a 
profound effect on stomatal behaviour. If the plant is placed under water stress, as a 
result of an increase in water vapour pressure gradient or a decrease in water uptake by 
the roots for example, then stomata will close to conserve water. The ability of stomata 
to respond in this way is clearly of critical importance for plants, as the need to 
conserve water can even override stomatal opening under conditions of low C. Stomata 
posses two feedback loops which promote stomatal closure under conditions of water 
stress; the hydropassive feedback loop, in which guard cells shrink purely as a result of 
general loss of turgor in the leaf, and the hydroactive feedback loop which is discussed 
in section 1.4.2.5. Conversely, as tissue water potential increases upon improved 
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availability of water, positive feedback via the hydropassive and hydroactive loops 
promotes stomata! opening. 
Atmospheric humidity is also an important determinant of stomatal behaviour; as the 
atmosphere becomes drier increased transpirative water loss through the stomatal pore 
causes a decrease in guard cell water potential, triggering stomata! closure. Conversely, 
as the humidity of the surrounding air increases stomata open (Watts and Neilson, 
1978). However, since this negative feedback mechanism can only maintain a constant 
transpiration rate in response to increasing water vapour pressure deficit, it does not 
account for all observed stomatal responses to dry air. Indeed, in some species stomatal 
closure in dry air can be so pronounced that a significant decrease in transpiration rate 
occurs (e.g. Schulze et al., 1972). Since this effect can be observed even in the absence 
of a change in leaf water potential, it has been proposed that stomata can sense air 
vapour pressure directly, permitting closure before the leaf is placed under water stress 
(termed the 'feedforward' response) (Schulze et al., 1972). Precisely how stomata may 
sense humidity is not yet clear although a number of mechanisms have been postulated 
(reviewed in Assman and Gershenson, 1991). It has been suggested for example, that 
guard cells respond to turgor changes in the epidermal layer arising from altered rates of 
peristomatal transpiration (water loss from the guard cell cuticle) and/or total epidermal 
transpiration (Meidner, 1986; Schulze, 1986). The observation that guard cells release 
K upon exposure to dry air (Lösch and Schenk, 1978) indicates that guard cells 
respond metabolically to humidity and have led to the suggestion that guard cells may 
be responding in part to regulatory metabolites such as ABA, that are carried in the 
transpiration stream following water vapour pressure deficit-induced changes in 
stomatal and cuticular transpiration (Grantz, 1990). 
1.4.2.5 ABA 
The phytohormone ABA plays a major role in the regulation of stomata! behaviour. 
Applied either to the surface of leaves, epidermal strips or via the transpiration stream of 
excised leaves it inhibits stomatal opening and promotes closure within minutes of 
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application in the vast majority of species so far tested. It is now known that the 
endogenous production of ABA by plants, and subsequent accumulation in leaf tissue, 
is a key component of the hydroactive feedback loop triggered under conditions of 
water stress, salt stress or exposure to low temperatures to prevent excessive water loss 
through the transpiration stream. The importance of this negative feedback loop is 
effectively illustrated by considering the 'wilty' phenotype of a number of ABA-
deficient potato and tomato mutants under conditions of water stress (Wilimer, 1983). 
Whether ABA is sensed by guard cells at the plasma membrane or within the cell is 
currently a matter of contention. Evidence for an extracellular reception site includes the 
observation that stomata with one or both guard cells microinjected with ABA still 
exhibit light-induced opening to the same extent as uninjected stomata (Anderson et al., 
1994). Additionally, application of ABA at an extracellular pH of 8.0 (at which ABA is 
fully ionised and unable to diffuse across the guard cell plasma membrane) consistently 
inhibits stomatal opening (Hartung, 1983; Anderson et al., 1994). Evidence for an 
intracellular reception site is indicated however, by the observation that microinjection 
of ABA, or photolytic release of caged ABA in the guard cell cytosol causes open 
stomata to close (Schwartz et al., 1994; Allan et al., 1994) and that the extent to which 
ABA promotes stomatal closure is proportional to the extent of ABA uptake by guard 
cells (Schwartz et al., 1994). 
Electrophysiological studies with guard cells have provided insight into the mechanisms 
whereby ABA inhibits stomatal opening and promotes closure. For example, ABA has 
been shown to inhibit inward rectifying K currents (Blatt, 1990; Thiel et al., 1992) and 
enhance outward rectifying K currents (Blatt, 1990). Additionally, it has recently been 
shown that ABA inhibits blue-light-dependent H+-pumping at the plasma membrane, 
and would therefore prevent hyperpolarisation of the plasma membrane required to 
drive K influx through inward rectifying K channels during stomatal opening (Goh et 
al., 1996). Tracer flux studies have also demonstrated that ABA stimulates K and 
anion efflux from guard cells across both the plasma membrane and tonoplast 
(MacRobbie, 1981, 1984, 1990, 1995). Significant progress has also been made in 
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elucidating the mechanisms whereby ABA modulates the activity of these ion channels 
and in identifying putative components of the signaling cascade by which ABA signals 
are transduced in guard cells. These findings are discussed in later sections (1.4.5, 
1.4.7 and 4.4.3). 
Interestingly, ABA has also recently been found to disrupt the radial array of 
microtubules in Vicia faba guard cells, an effect that was not observed in response to 
other plant growth regulators (Jiang et al., 1996). After 1 hour in the presence of lOp.M 
ABA the authors observed fragmentation of microtubules into small segments and 
almost complete stomatal closure. This effect was found to be reversible, with complete 
arrays of microtubules and concomitant re-opening of stomata within 1 hour after the 
removal of ABA. 
1.4.2.6 Wind 
Wind is thought to influence stomatal behaviour in an indirect manner only, primarily 
by affecting the thickness of the boundary layer (the air layer adjacent to the leaf surface 
where the surface friction reduces air movement). With increasing wind speed, the 
boundary layer is reduced and the transpiration rate for a given stomatal aperture is 
significantly increased. Under these conditions C 1 may also increase as a result of this 
increased conductance and a decrease in photosynthesis (Yabuki and Miyagawa, 1970). 
In the long term stomata close under windy conditions to avoid excessive water loss, 
probably via a combination of feedback through both the CO2 loop, as a result of 
elevated C 1 (Mansfield etal., 1990) and hydroactive/hydropassive feedback through the 
water loop (Grace, 1977). Stomatal behaviour will also be influenced by changes in leaf 
temperature and increases in evaporative water loss from the whole leaf surface as wind 
speed is increased. 
1.4.2.7 Endogenous factors 
In addition to the influence of environmental stimuli on stomatal behaviour, stomatal 
movements also exhibit an endogenous circadian rhythm, ensuring opening during the 
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day to allow CO2 fixation and closing at night to conserve water when there is no 
requirement for CO2 uptake. The stomatal aperture achieved at any time of the day is 
therefore a function of the entrained circadian rhythm in conjunction with interacting 
environmental stimuli. 
With the exception of CAM plants (which exhibit nocturnal stomatal opening) the 
stomatal conductance of most plants is minimal during the night. At dawn conductance 
increases rapidly, due to the high stomatal sensitivity to low level blue-light irradiation 
at this time (Zeiger et al., 1981), until a maximum value is reached during the late 
morning or early afternoon, whereafter conductance gradually declines throughout the 
remainder of the day (Heath and Mansfield, 1969). Some species also exhibit short-
term, partial mid-day closure within this rhythm, although it is not clear whether this is 
a component of the entrained rhythm or simply a feedback response to elevated 
temperature at this time via either the water loop (Lösch et al., 1978) or the CO2 loop 
(Meidner and Heath, 1959). 
Stomatal circadian rhythms have been monitored directly, as changes in aperture (e.g. 
Gorton et al., 1989) and indirectly, as changes in transpiration rate or stomatal 
conductance (e.g. Heath and Mansfield, 1962; Pallas et al., 1974; Deitzer and Frosch, 
1990). In all cases, and no matter which parameter is chosen to monitor rhythmicity, 
the stomatal circadian rhythm can be entrained to different L D cycles and will free-run 
in constant conditions with a period close to 24 hours, although there are slight 
variations between species ranging from approximately 22 hours in Vicia (Stâlfelt, 
1963) to approximately 26 hours in Arachis (Pallas et al., 1974). The free-running 
rhythm is relatively robust in constant light, persisting for several days before the 
amplitude of the rhythm is dampened, whereas in constant darkness the rhythm persists 
for only 1 or 2 cycles (Martin and Meidner, 1971). Like all true circadian rhythms, the 
stomatal rhythm can be phase-shifted by light (Mansfield and Heath, 1961) and is 
compensated for temperature change within the physiological range (Gorton et al., 
1989). 
27 
Although the existence of circadian rhythms in stomatal movements has been known for 
many years (e.g. Darwin, 1898), it has long been unclear whether they are controlled 
by an endogenous rhythm in the guard cells or by the influence of other cell types. It 
has been envisaged for example, that stomata may respond to rhythmic levels of CO2 
within the leaf as a result of rhythmic changes in mesophyll photosynthesis. Indeed, 
circadian rhythms in photosynthesis have been observed (e.g. Pallas et al., 1974) and 
while they can be attributed in part to stomata! factors (changes in C 1 caused by changes 
in stomatal conductance), they are partly independent of stomatal effects on CO2 
diffusion (Hennessey and Field, 1991; Fredeen et al., 1991). A recent study in which 
the stomatal rhythm of P. vulgaris was rapidly damped out under conditions conducive 
to high photosynthetic rates but in CO2 free air suggests that photosynthesis may be 
necessary for sustained expression of the rhythm (Hennessey et al., 1993). However, 
the observation that stomatal movements exhibit circadian rhythmicity even in detached 
epidermal strips indicates that the rhythm is controlled, at least in part, by a timekeeping 
mechanism(s) located in the epidermis, possibly the guard cells (Meidner and Willmer, 
1993). Further support for the hypothesis that the clock mechanism governing diurnal 
stomatal movements is located in the guard cells was presented in a recent report by 
Gorton et al. (1993). The authors showed that while the stomatal conductance rhythm 
of V. faba showed circadian rhythmicity in responsiveness to red and blue light (greater 
conductance was observed upon irradiation during the subjective day than upon 
irradiation during the subjective night) no rhythmicity in net carbon assimilation was 
observed in either red or blue light. This rhythmicity in stomatal responsiveness to 
environmental cues also suggests that specific aspects of metabolism at specific phases 
of the rhythm may be closely related to the clock (Nakashima, 1993). Indeed, it has 
been found that guard cells of Commelina communis exhibit circadian rhythmicity in 
their ability to accumulate or retain osmotica required for changes in turgor (Snaith and 
Mansfield, 1986). The precise nature of the molecular clock mechanism controlling 
stomatal movements however, has yet to be elucidated. 
28 
1.4.3 Osmotics of stomatal movement 
Stomatal opening occurs as a result of increased guard cell turgor due to the uptake of 
inorganic and organic solutes from the apoplast and/or biosynthesis of osmotically 
active molecules within the cell. The primary inorganic ion taken up by guard cells 
during stomatal opening is K, and while the levels of K accumulation required to 
reach a particular aperture is highly species-dependent, [K] can reach levels of up to 
500mM in guard cells of open stomata (e.g. Humble and Raschke, 1971; Allaway and 
Hsiao, 1973). The importance of K accumulation in stomatal opening has been 
demonstrated in numerous species, including C. communis (MacRobbie and Lettau, 
1980), Zea mays (Raschke and Fellows, 1971), Valerianella locusta (Losch, 1985) and 
Nicotiana tabacum (Sawhney and Zelitch, 1969), the only exception reported thus far 
being Cakile maritima, a halophyte which accumulates Na rather than K (Eschel, et 
al., 1974). 
Electroneutrality is maintained in guard cells during stomatal opening by the uptake of 
Cl- and increases in organic anions, principally malate 2 , although the relative 
contributions of these anions is also species-dependent. For example, the uptake of C1 
balances almost all of the charge generated by K in guard cells of Allium cepa (Schnabl 
and Raschke, 1980), but only around 40% in Z mays (Raschke and Fellows, 1971). 
Stomatal opening is initiated upon activation of e!ectrogenic H+-pumping ATPases in 
the guard cell plasma membrane. The resultant H extrusion from the cell 
hyperpolarises the plasma membrane to values in the order of -150 to -250mV (Lohse 
and Hedrich, 1992; Thiel et al., 1992) which drives passive K entry down an electrical 
gradient through inward rectifying K channels (Zeiger et al., 1978; Schroeder et al., 
1984). Activation of the hyperpolarising current is an energy requiring process, the 
requirements for which, it has been postulated, could be accommodated by ATP 
synthesis by either guard cell chioroplasts or mitochondria (Assman and Zeiger, 1987). 
In addition to voltage-regulation, the inward rectifying K channels are also activated by 
the acidification of the apop!ast (due to H extrusion), thereby maintaining K uptake 
(Blatt, 1992). Cl- influx is also stimulated under these conditions, presumably via C1 
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/H symport or Cl -/OH- antiport (Assman and Zeiger, 1987; Kearns and Assman, 
1993). In addition to balancing the charge generated by the K uptake and contributing 
to the increasing osmoticum, the production of malate 2 at this time also results in the 
production of 2W which, it has been suggested, may either serve to neutralise pH 
changes brought about by H+-pumping (Weyers and Meidner, 1990) or be pumped out 
of the cells by the plasma membrane W-pumping ATPase to maintain the driving force 
for K and Cl- uptake (Willmer and Fricker, 1996). Since the high concentrations of K 
and Cl accumulated during stomatal opening could potentially interfere with other 
aspects of guard cell physiology if they were maintained in the cytosol, it is thought that 
the majority of ions entering the cell are transferred to the vacuole. It has been 
suggested that these ion fluxes across the tonoplast may be stimulated upon activation 
of a tonoplast H+-pumping ATPase (Fricker and Willmer, 1990), and although as yet 
there has been no detailed characterisation of the ion pumps putatively involved, the 
identification of a Na / H antiporter in tonoplast vesicles of the halophyte B. vulgaris 
(Blumwald and Poole, 1985) has led to speculation that a K / H antiporter may 
mediate vacuolar K accumulation in non-halophytes (Fricker and Wilmer, 1990). A 
vacuolar Cl- channel has also recently been identified, which has been suggested to play 
a role in Cl- uptake into the vacuole during stomatal opening (Pei et al., 1996). 
Following the removal of these ions to the vacuole, it is thought that the osmotic 
pressure in the cytosol may be maintained by the generation of sucrose (Outlaw and 
Manchester, 1979; Poffenroth et al., 1992). 
Stomatal closure is brought about by a decrease in guard cell turgor upon the efflux of 
K and Cl- from the guard cell vacuole into the cytosol and across the plasma 
membrane. As yet, the channels across which K and Cl - are released from the vacuole 
have not been fully characterised, although strong candidates have been reported. Ward 
and Schroeder (1994), for example, recently identified a voltage-independent channel, 
exhibiting a high selectivity for K over other cations (termed Vacuolar K (VK)-
channel), in the tonoplast of V. faba guard cells. It has been proposed that VK-channels 
represent a major efflux route for K from the vacuole during stomatal closure, and 
furthermore that the depolarisation of the tonoplast initiated upon efflux of K across 
these channels could activate a class of voltage-dependent, K+-permeable Slow-
Vacuolar (SV)-type channels, also identified in guard cell vacuoles (Amodeo et al., 
1994; Ward and Schroder, 1994), thereby allowing additional K efflux from the 
vacuole into the cytosol. Depolarisation of the tonoplast may also drive concomitant C1 
efflux from the vacuole, although the channels involved have yet to be identified in 
guard cells. 
Once in the cytosol, efflux of K from the cell occurs primarily through outward 
rectifying K channels, which are opened upon depolarisation of the plasma membrane 
(Blatt, 1991). Membrane depolarisation could be triggered upon inhibition of the H -'--
pumping ATPase (Kinoshita et al., 1995), passive anion efflux across the plasma 
membrane (Assman, 1993) and/or Ca 2 '- influx (section 1.4.6). However, the 
identification of stretch-activated, K+-permeable channels in the guard cell plasma 
membrane (Cosgrove and Hedrich, 1991) and a number of, as yet, uncharacterised 
'leak' currents (e.g Thiel et al., 1992) suggest that the activation of outward rectifying 
K'- channels may not be the only mechanism whereby K'- is removed from the cytosol 
during stomata! closure. 
Depolarisation of the plasma membrane (and elevated [Ca 2 ], see section 1.4.6) also 
activates Cl- efflux through rapid activating (R-type) anion channels (Schroeder and 
Keller, 1992), although since these channels are inactivated after a few seconds, it is 
thought that Cl- efflux is maintained through a second class of anion channels, termed 
slow-activating (S-type) channels (Schroeder and Hagiwara, 1989; Schroeder and 
Keller, 1992). Activation of S-type channels has been shown to be ATP-dependent 
(Schmidt et al., 1995) and may therefore, at least in part, account for previous 
observations that stomatal closure, as well as opening, is an energy-requiring process 
(Karlsson and Schwartz, 1988; Cousson et al., 1995). 
A third class of anion channels, termed stretch-activated (SA) anion channels, have also 
been identified in the guard cell plasma membrane (Cosgrove and Hedrich, 1991). Cl 
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efflux across these channels is activated by excess turgor pressure, and it has been 
postulated that the resultant depolarisation of the plasma membrane could stimulate both 
K+-efflux across outward rectifying K channels and anion efflux across R-type and S-
type anion channels. 
The decrease in organic osmotica observed in guard cells during stomatal closure is 
thought to occur via a combination of extrusion across the plasma membrane, uptake by 
mitochondria and the recycling of carbon into starch synthesis (Dittrich and Raschke, 
1977; Van Kirk and Raschke, 1978; Willmer and Fricker, 1996). 
1.4.4 Mechanics of stomatal movement 
The increase in intracellular osmotica in guard cells, brought about by the accumulation 
of K and charge-balancing anions, provides the motive force for opening (Heath, 
1938), causing guard cells to take up water and begin to swell. Stâlfelt (1927) described 
two phases of stomatal opening: firstly the 'Spannungsphase' (tension phase), during 
which the guard cells inflate due to increased turgor bringing about very slight opening 
of the pore and secondly, the 'Motorische Phase' (motor phase), during which there is 
an approximately linear relationship between pore opening and guard cell turgor. An 
additional phase, referring to the point at which stomatal aperture reaches a certain level 
and is maintained at that level, has since been coined the 'aperture maintenance phase' 
(Rogers et al., 1979). In elliptical-shaped stomata turgor-mediated opening of the pore 
occurs as a consequence of the radial orientation of cellulose microfibrils in the guard 
cells. This arrangement allows both lengthwise expansion and a change in the cross-
sectional shape of the guard cells but limits expansion of the cross-sectional area. As a 
consequence of this arrangement the length of the stomatal apparatus changes very little, 
while its perimeter may increase up to 20% (in V. faba), resulting in an increase in the 
aperture of the stomatal pore of up to 60% (Raschke, 1975), as illustrated in Figure 
1.3. 
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Figure 1.3: Schematic representation of open and closed stomata. 
The radial arrangement of the cellulose microfibrils are shown in one guard cell of each 
stoma. During stomatal movements the overall length of the apparatus (a) does not 
change, whereas the lengths of the dorsal (b) and ventral (c) guard cell walls increase 
by distances x and y respectively, upon stomatal opening (after Willmer, 1983). 
During stomatal closure, as the levels of intracellular osmotica decrease, the guard cells 
release water and shrink, thereby closing back over the substomatal cavity. 
Stomatal movements in vivo are also determined by the turgor pressure of neighbouring 
cells. The forces generated by the turgor pressure of neighbouring epidermal cells, 
which are of much greater volume than guard cells, can dominate those of guard cells in 
determining stomatal aperture (Wu et al., 1985). Indeed, even at equal turgor potential, 
the combined effects of the size difference between the two cell types and the 
differential rigidity of the ventral and dorsal walls of the guard cells, serve to give 
neighbouring cells a 'mechanical advantage' over guard cell turgor. As a consequence 
guard cells must reach more positive turgor pressures than neighbouring cells before the 
stomatal pore begins to open; this build up of pressure corresponds to the 
'Spannungsphase' of stomatal opening. 
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1.4.5 Evidence for a role for Ca 2 in the regulation of stomatal 
behaviour 
The molecular mechanisms whereby endogenous and environmental signals influence 
guard cell ion fluxes, to effect changes in stomatal conductance, have been the subject 
of intensive research over many years. As a consequence of these studies a central role 
for Ca2 has emerged. 
Preliminary indications that Ca 2 may be involved in the regulation of stomatal aperture 
stemmed from observations that stomatal closure could be stimulated by treatment with 
the Ca2 ionophore A23187 or exogenously applied Ca 2 (e.g. De Silva et al., 1985a; 
Schwartz, 1985). Furthermore, increasing extracellular [Ca 2 ] resulted in the inhibition 
of stomatal opening (and promotion of closure) in C. communis in response to light 
(Schwartz, 1985), K (Inoue and Katoh, 1987) or low CO2 (Schwartz et al., 1988) and 
was also shown to contract swollen guard cell protoplasts of C. communis (Smith and 
Willmer, 1988). Conversely, stomatal closure, in response to darkness, elevated CO2 
and ABA could be inhibited by the Ca 2 chelator, EGTA (Schwartz, 1985; Schwartz et 
al., 1988; De Silva et al., 1985b), or the Ca2 channel blockers lanthanum, verapamil 
and nifedipine (De Silva et al., 1985a). In view of such observations it was 
hypothesised that changes in extracellular [Ca 2 ] could act as a signal influencing 
stomatal movements; patch-clamp experiments with guard cells have demonstrated that 
elevation of extracellular [Ca 2 ] from 1 to 10mM inhibits influx of K through inward 
rectifying K channels (Fairley-Grenot and Assman, 1992a). However, there is 
evidence that the apoplastic [Ca 2 ] around guard cells is well buffered from changes in 
[Ca2 ] in the rhizosphere or xylem (Ruiz and Mansfield, 1994), and it is now generally 
considered that the effects of exogenously applied Ca 2 on stomatal movements arise as 
a result of Ca2 influx across the plasma membrane and subsequent elevation of 
[Ca2 ]. In unstimulated guard cells, where resting [Ca 2+]Cyt is in the order of 70-
250nM (McAinsh et al., 1990), there is a considerable concentration gradient (estimated 
to be approximately 10,000 fold) favouring the influx of extracellular Ca 2 into the 
cytosol. Gilroy et al. (1991) demonstrated that when the extracellular [Ca 2 ] 
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surrounding guard cells of C. communis was increased from 20pM to 1mM, the 
change induced a steady state rise in average [Ca 2 ] t from resting levels of 180 ± 
52nM to a maximum of 600 ± 78nM over a 5-10 minute period, which was followed 
by a decrease in stomatal aperture. Conversely, when guard cells were perfused with 
EGTA to chelate available apoplastic Ca 2 , the resting level of 220nM was reduced over 
10 minutes to 50nM and stomatal apertures either remained unchanged or slightly 
increased; an effect which could be reversed by replacing EGTA with 20p.M Ca 2 . 
Such observations indicate that guard cell [Ca 2+]Cyt  is in a continual state of flux with 
apoplastic [Ca2 ], and that this exchange plays a key role in the regulation of stomatal 
aperture. A number of plasma membrane channels which could conduct the inward 
Ca2 current during stomatal closure have recently been identified in guard cells, 
including a non-selective cation channel which is permeable to Ca 2 (Schroeder and 
Hagiwara, 1990), a stretch-activated Ca 2 -channel which shows high selectivity for 
Ca2 over K (Cosgrove and Hedrich, 1991) and the inward rectifying K channel, 
which is also permeable to Ca 2 (Fairley-Grenot and Assman, 1992b). 
There is evidence however, that the influx of Ca 2 across plasma membrane channels is 
not the only mechanism whereby stimuli affecting stomatal aperture may modulate 
[Ca2 ] t . A number of the afore-mentioned studies for example, noted that EGTA and 
plasma membrane Ca2 -channel blockers only partially inhibited ABA- and dark-
induced stomatal closure (e.g. De Silva et al., 1985; Schwartz, 1985; McAinsh et al., 
1991). It was consequently hypothesised that Ca 2 -release from intracellular stores may 
also play a role in guard cell stimulus-response coupling during stomata! closure. 
In the classic eukaryotic Ca2 -signaling pathway, elucidated from studies with animal 
cells (section 1.1.2), Ca 2 -release from intracellular stores can be triggered by both 
CICR and activation of the phosphoinositide pathway; a number of studies have since 
indicated that these mechanisms of intracellular Ca 2 -release may also operate in guard 
cells. For example, Gilroy et al. (1990) demonstrated that the photolytic release of 
caged Ca2 in the guard cell cytosol induced elevations in [Ca 2+] Cyt  which were 
accompanied by reductions in stomata! aperture. Since the observed increases in 
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were sustained (over periods of approximately 7 minutes) the authors 
proposed that this most likely reflected CICR from intracellular stores. Notably, 
sustained increases in guard cell [Ca 2+l cyt and subsequent closure were only triggered 
upon elevation of [Ca2 ] t to greater than 600nM, indicating that a threshold level of 
Ca2 is required to initiate closure. 
The hypothesis that intracellular Ca2 -release mechanisms play a key role in stimulus-
response coupling in guard cells gained further support from an elegant study by Gilroy 
et al. (1991) in which the distribution of guard cell [Ca 2 ] t following perfusion of 
guard cells with either 1mM exogenous Ca 2 or low extracellular [K] was monitored 
using fluorescence ratio image analysis. The authors reported that the highest increases 
in [Ca2 ] (> 1.tM) observed preceding stomatal closure were localised in the vicinity 
of the endomembrane system surrounding the nucleus and the tonoplast, implying 
Ca2 -release from these subcellular locations. Furthermore, elevations of [Ca 2+] Cyt  in 
these localised 'hotspots' were still observed in guard cells pre-treated with lanthanum, 
although the size of the increases were reduced (to around 300nM in 10 minutes) and 
their appearance delayed, compared with those observed in the absence of lanthanum. 
The authors proposed that either intracellular Ca 2 -release in guard cells can be 
triggered by the influx of Ca 2 across the plasma membrane (in which case the data 
suggest that only small increases in the rate of Ca 2 -influx are required to trigger CICR 
from intracellular stores), or that messenger molecules other than Ca 2 are involved in 
intracellular release mechanisms. Since low [K]-induced Ca 2 'hotspotst were 
observed in guard cells pre-treated with EGTA, the authors concluded that intracellular 
Ca2 -release was triggered by a signal other than Ca 2 influx across the plasma 
membrane. 
It is currently considered that this intracellular signal is most likely 1P3. The competency 
of guard cells to respond to 1P3 was demonstrated in the afore-mentioned study by 
Gilroy et al. (1990). The authors reported that the photolytic release of caged 1P3 in the 
guard cell cytosol induced sustained increases in guard cell [Ca 2 ] (persisting for 5-
10 minutes) which were followed by rapid stomatal closure. The response could be 
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prevented by co-injecting EGTA with caged 1P3, indicating that guard cells respond to 
1P3 via the elevation of [Ca2]t. Furthermore, since increases in [Ca 2+] Cyt  and 
subsequent stomatal closure were still observed following the release of caged 1P3 in 
guard cells pretreated with LaC13, the authors concluded that 1P3 was indeed mobilising 
Ca2 from intracellular stores. In view of the distribution of elevated Ca 2 'hotspots' in 
the vicinity of the tonoplast reported by Gilroy et al. (1991), it seems likely that the 
vacuole represents an important target for intracellular Ca 2 -release mechanisms during 
stomatal closure. Indeed, 1P3 has been shown to open tonoplast Ca 2 channels in other 
plant cells (Schumaker and Sze, 1987; Alexandre et al., 1990), and it is conceivable that 
a similar mechanism may also operate in guard cells. In addition, a number of tonoplast 
channels across which Ca2 may be released from the vacuole have now been identified 
in guard cells, including 2 voltage-gated Ca 2 -release channels (Allen and Sanders, 
1994) and a Ca2 -permeable SV channel (Ward and Schroeder, 1994; Allen and 
Sanders, 1995) across which Ca 2 -release may be induced by CICR (section 1.3.6). 
Since the intial studies involving the use of Ca2 -channel blockers, EGTA and the 
artificial manipulation of guard cell [Ca2fl t, the direct monitoring of stimulus-induced 
changes in guard cell [Ca2 ] t has revealed that increases in guard cell [Ca 2 ] t 
accompany stomatal closure in response to both ABA (e.g. McAinsh et al., 1990, 1992; 
Irving etal., 1992; Allan etal., 1994) and high [CO2] (Webb et al., 1996). 
Webb et al. (1996) reported that perfusion of C. communis guard cells with 700j.tl 1' 
CO2 induced immediate elevations of guard cell [Ca 2+]cyt from resting levels of 80-
200nM to between 250nM-1.tM, which were followed by significant reductions in 
stomata! aperture. McAinsh etal. (1990) reported that ABA-induced stomatal closure in 
C. communis epidermal strips was also preceded by increases in guard cell 
rising slowly from resting levels of approximately 25nM to a peak of approximately 
1.tM 30 minutes after the application of 1pM ABA. Similar responses have also been 
observed upon exogenous application of ABA to epidermal strips of the orchid 
Paphiopedilum tonsum (Irving et al., 1992) and photolytic release of caged ABA in the 
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guard cell cytosol of C. communis (Allan et al., 1994). There is some controversy as to 
the role of Ca 2 in ABA-induced stomatal closure however, since elevations in guard 
cell [Ca2+]cyt do not always accompany stomata! closure (McAinsh et al., 1990; Gilroy 
etal., 1991; Irving etal., 1992) and there is evidence that the stomatal response to ABA 
may be mediated by a Ca 2 -independent pathway under certain conditions (Allan et al., 
1994) (discussed further in section 4.4.3). 
However, these studies have provided greater insight into the importance of Ca 2 
mobilisation into the cytosol from both intracellular and extracellular sources. For 
example, pre-treatment of guard cells with EGTA completely abolished both the 
[Ca2+] cyt response and associated decrease in stomatal aperture normally observed in 
response to elevated [CO2] (Webb et al., 1996), indicating that Ca 2 is mobilised into 
the cytosol primarily from extracellular sources in response to this stimulus. The data 
do not preclude however, the possibility that an initial influx of Ca 2 across the plasma 
membrane could stimulate Ca2 -release from intracellular stores via CICR. 
Investigations concerning the mechanisms of ABA-induced stomatal closure have 
indicated that both the influx of Ca 2 across the plasma membrane and Ca 2 -release 
from intracellular stores are likely to play an important role in the Ca 2 -mediated 
stomatal response to this phytohormone (e.g. MacRobbie, 1989; McAinsh et al., 1990, 
1992, 1995) although some controversy remains as to the relative contributions each 
makes to ABA-induced increases in guard cell [Ca 2 ] (discussed further in section 
4.4.3). 
1.4.6 Modulation of guard cell ion fluxes by elevated [Ca 2 ] t 
As described in section 1.4.3, stomatal closure is brought about by a decrease in guard 
cell turgor upon the efflux of K and Cl - from the guard cell vacuole into the cytosol 
and across the plasma membrane. Electrophysiological studies with guard cells have 
indicated a role for Ca2 in the modulation of ion transport across both of these 
membranes, playing a key role in initiating stomatal closure and inhibiting stomata! 
opening. 
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It is thought that depolarisation of the guard cell plasma membrane, required for 
activation of outward rectifying K channels and voltage-dependent anion channels, 
may be achieved partly by Ca 2 influx across the plasma membrane (Cosgrove and 
Hedrich, 1991; MacRobbie, 1992; Assman, 1993). While it is not clear whether this 
influx can induce sufficient membrane depolarisation required for the sustained ion 
efflux observed during stomatal closure, a number of recent studies have indicated that 
the elevation of [Ca 2 ] activates other depolarising mechanisms. It has been 
demonstrated for example, that elevating free [Ca 2 ] to lp.M inhibits the plasma 
membrane H+-pumping ATPase; an effect which can be reversed by replacing Ca 2 
with EGTA (Kinoshita et al., 1995). Membrane depolarisation and increases in guard 
cell [Ca2 ] t also activate S-type and R-type anion channels (Schroeder and Hagiwara, 
1989; Hedrich etal., 1990), thereby stimulating anion efflux. The sustained membrane 
depolarisation induced by anion efflux across S-type anion channels is thought to be the 
primary mechanism for driving K efflux through outward rectifying K channels, and 
will also stimulate further Ca 2 entry across voltage-sensitive Ca 2 channels in the 
plasma membrane (MacRobbie, 1989). It is generally considered that outward K 
channel activity is not directly influenced by increases in [Ca 2 ] (e.g. Lemtiri-Chlieh 
and MacRobbie, 1994). However, since the outward rectifying K current is inhibited 
by apoplastic acidification (Blatt, 1992) and strongly activated by apoplastic 
alkalinisation (ilan et al., 1994), it is conceivable that Ca 2 -inhibition of the plasma 
membrane H-pumping ATPase may contribute to the physiological conditions required 
for K efflux during stomatal closure. 
Electrophysiological studies have also shown that the elevation of [Ca 2+] Cyt  inhibits the 
inward rectifying K current at the plasma membrane (Schroeder and Hagiwara, 1989; 
Blatt etal., 1990; Fairley-Grenot and Assman, 1992a; Lemtiri-Chlieh and MacRobbie, 
1994; Kelly et al., 1995), thereby inhibiting stomata! opening. Recent investigations 
into the mechanism(s) of Ca 2 -mediated inhibition of this channel have further indicated 
the involvement of a Ca2 -CaM activated calcineurin-like protein phosphatase (Luan et 
al., 1993). However, the observation that inhibitors of protein phosphatases PP1 and 
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PP2A reduce the inward K current suggest that dephosphorylation reactions can also 
activate this current in guard cells (Li et al., 1994), indicating the presence of more than 
one regulatory dephosphorylation site on the channel. 
More than 90% of the K and anions extruded from guard cells during stomatal closure 
originate from the guard cell vacuole (MacRobbie, 1981), and a number of studies have 
indicated that elevations in [Ca 2 ] t also play a key role in the modulation of these ion 
conductances across the tonoplast. Ward and Schroeder (1994) for example, 
demonstrated that K efflux from guard cell vacuoles across K+-selective, voltage-
independent VK-channels is activated upon elevation of [Ca 2 ]. As previously 
mentioned (section 1.4.3) the resultant depolarisation of the tonoplast could activate 
voltage-dependent, K+-permeable SV-type channels thereby allowing additional K 
efflux from the vacuole into the cytosol. Since the SV-type channel is also Ca 2 -
permeable, with a permeability ratio for Ca 2 to K of approximately 3:1 (Ward and 
Schroeder, 1994; Allen and Sanders, 1995), it has been suggested that these channels 
may play an important role in CICR from the vacuole, contributing to the increases in 
[Ca2 ] t observed during stomatal closure (Ward and Schroeder, 1994). Such a 
mechanism could provide a self-propagating feed-forward mechanism for the sustained 
activation of VK and SV channels, enabling K+-release in the time-frame required for 
stomatal closure. A recent report by Allen and Sanders (1995) further indicated the 
involvement of the Ca 2 -CaM dependent protein phosphatase calcineurin in the 
regulation of SV channel activity. The authors reported that calcineurin was stimulatory 
at low concentrations (0.25 U ml -1 ) and inhibitory at higher concentrations (2 U ml -1 ), 
and suggested that the phosphorylation state of the SV channel, as regulated by Ca 2 -
CaM dependent dephosphorylation reactions, may also play a role in the feedback 
regulation of CICR. Schulz-Lessdorf and Hedrich (1995) also demonstrated 
modulation of SV channel activity by [Ca 2 ], although in contrast to the afore-
mentioned study, they found that the SV channel exhibited selectivity for K over Ca 2 , 
and was also permeable to Cl - . It seems clear therefore that elevations in [Ca 2 ] play 
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a key role in the regulation of ion efflux from the vacuole during stomatal closure 
although the physiological role of SV channels requires further characterisation. 
1.4.7 Evidence for the involvement of other components of the Ca 2 -
signaling pathway in the regulation of stomatal behaviour 
The overwhelming evidence that Ca 2 plays a key role in the regulation of stomatal 
behaviour, has led to speculation that environmental signals may be transduced in guard 
cells in a pathway analogous to that operating in animal cells (Figure 1.1). Indeed, 
many of the components of the eukaryotic Ca 2 -signaling pathway have now been 
identified in guard cells and over recent years evidence suggesting their involvement in 
stimulus-response coupling in guard cells has started to accumulate. Some examples are 
considered below. 
1.4.7.1 Phosphoinositide turnover 
It has recently been demonstrated that ABA-induced shrinking of V. faba guard cell 
protoplasts is preceded by rapid changes in phosphoinositide metabolism (Lee et al., 
1996). The authors reported a 20% decrease in the levels of PIP2 and PIP, and a 
concomitant 90% increase in the levels of 1P3, within 10 seconds of administration of 
ABA. Since previous studies have indicated that 1P3 can induce stomatal closure via the 
release of Ca2 from intracellular stores (section 1.4.5), these findings support the 
hypothesis that phosphoinositide turnover, and subsequent 1P3-mediated intracellular 
Ca2 -release, may be a link in the guard cell signaling cascade by which external stimuli 
(at least ABA) effect stomata! closure. A role for 1P3-mediated Ca 2 -release in stomatal 
closure is further supported by the observation that the release of caged 1P3 in the guard 
cell cytosol reversibly inhibits inward rectifying K óhannels in the plasma membrane 
(Blatt et al., 1990). 
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1.4.7.2 G-proteins 
G-proteins have also been implicated in the regulation of stomatal behaviour and the 
evidence available to date suggests that their primary mode of action is the modulation 
of inward rectifying K channels in the guard cell plasma membrane. Fairley-Grenot 
and Assman (1991) for example, reported that the GTP-analog (GTP-?-S), which 
'locks' G-proteins in their activated state (Gilman, 1987), inhibited the K inward 
current in guard cell protoplasts, implying that activation of G-proteins inhibits stomatal 
opening. Conversely, the GDP-analog GDP-B-S, which 'locks' G-proteins in their 
inactive state, activated the K inward current. 
Since inhibition of the K inward current by GTP-i-S was analogous to that observed 
in the presence of elevated [Ca 2 ], Fairley-Grenot and Assman (1991) speculated that 
the regulatory influence of G-proteins on inward rectifying K channels may be 
mediated by increases in [Ca 2 ] t , conceivably in a pathway analogous to that 
observed in many animal systems. Indeed, in the same study, the authors reported that 
the inhibitory effect of GTP-?-S was not observed in the presence of high 
concentrations of the Ca 2 chelator BAPTA. Ca2 -dependent action of G-protein 
modulators in K channel regulation was also suggested by Kelly et al. (1995) who 
demonstrated that the inhibitory effect of GTP-'y-S on the inward K current was 
enhanced in the presence of 1pM Ca 2 but prevented in most cells when [Ca 2+] cyt was 
buffered to low levels. Whilst these data are consistent with a G-protein linked cascade 
which inhibits the inward K current by increasing [Ca 2 ], the possibility that the 
inhibitory effect of G-proteins simply requires physiological [Ca 2+] cyt as a co-factor 
cannot be discounted (Assman, 1993). 
In animal cells most signal-transducing G-proteins are activated by 7TMS receptors (so-
called as the proteins comprise 7 transmembrane spanning regions). At present there is 
no direct evidence that these proteins exist in guard cells. In a recent study however, 
Armstrong and Blatt (1995) demonstrated that mas7 (a peptide that mimics the part of 
the 7TMS protein that activates G-proteins) inhibited the inward rectifying K current to 
a similar extent as previously observed with GTP-y-S. Furthermore this inhibitory 
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effect was abolished in the presence of GDP-B-S, again implying a role for G-protein 
activation in the inhibition of stomatal opening. Since the inhibitory effect of mas7 was 
not diminished in the presence of EGTA however, the authors concluded that G-
proteins may be activated in a Ca 2 -independent membrane-delimited pathway, in 
contrast to earlier reports (Fairley-Grenot and Assman, 1991; Kelly et al., 1995). A 
membrane-delimited pathway is also indicated by the observation that GTP-y-S still 
inhibited inward K channel activity in isolated plasma membrane patches (Wu and 
Assman, 1994). 
To complicate matters further, the observation that stomata open slightly upon the 
release of caged GTP-y-S in the guard cell cytosol (Lee et al., 1993), consistent with 
G-protein activation enhancement of K influx, is in direct conflict with the previously 
observed inhibitory effect of G-protein activation on the inward rectifying K current. 
Furthermore, Kelly et al. (1995) reported that reduced inward K currents were also 
observed in the presence of GDP-B-S and that in some guard cells GTP-y-S had no 
significant inhibitory effect on the inward current even in the presence of elevated 
[Ca2 ]. In view of these data it seems likely that G-proteins play a dual role in the 
regulation of stomatal behaviour, contributing to both stimulation and inhibition of 
inward rectifying K channels in the guard cell plasma membrane. Since the studies 
mentioned here have analysed the effects of G-protein modulators in a variety of 
physiological conditions; some tending to favour opening (e.g. Lee et al., 1993) and 
some favouring closing (e.g. Fairley-Grenot and Assman, 1991) it has been speculated 
that the imposed environmental conditions may influence the activity of 2 opposing, 
functionally distinct G-proteins in guard cells (Assman, 1993, 1996). Clearly further 
work is required to elucidate the nature of G-protein linked signaling cascades in guard 
cells. 
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1.4.7.3 CaM and Ca2 /Ca2 -CaM-dependent reactions 
Guard cells contain high concentrations of CaM and an abundance of Ca 2-'--CaM 
binding proteins (Ling and Assman, 1992; Cotelle et al., 1996), and a number of 
studies have indicated that CaM-dependent reactions play an important role in the 
regulation of stomatal behaviour. Preliminary indications of the importance of CaM in 
stomatal function emerged from studies in which a variety of CaM antagonists were 
found to stimulate stomatal opening and inhibit stomatal closure in response to ABA, 
elevated [CO2], elevated [Ca2 ] and darkness (De Silva et al., 1985a; Nejidat, 1987; 
Cotelle et al., 1996). A number of recent studies have begun to elucidate the 
mechanisms by which CaM may regulate stomatal behaviour and have indicated the 
importance of Ca2 -CaM dependent protein phosphorylation and dephosphorylation 
reactions in guard cells. For example, the observation that SV currents in guard cell 
vacuoles are inhibited by the CaM antagonists W-7, TFP and R24571 suggests that 
activation of the SV channel by Ca 2 during stomatal closure may be mediated by CaM 
(Schulz-Lessdorf and Hedrich, 1995). Allen and Sanders (1995) have further 
suggested the involvement of the Ca 2 -CaM dependent protein phosphatase, calcineurin 
in the regulation of SV channel activity (section 1.4.6). A requirement for a Ca 2 -CaM-
dependent calcineurin-like protein phosphatase has also recently been demonstrated for 
the inactivation of inward rectifying K channels during stomatal closure (Luan et al., 
1993). There is also evidence that CaM may mediate the stimulatory effect of Ca 2 on 
anion efflux across plasma membrane S-type anion channels during stomatal closure. In 
a recent patch-clamp study, Schmidt et al. (1995) reported that the Ca 2 -CaM dependent 
protein kinase II inhibitor, K-252A, inhibited guard cell slow anion currents by up to 
90% and completely abolished ABA-induced and malate-induced stomatal closure. K-
252A has also been shown to prevent stomatal closure and promote opening in 
darkness, as have ML-7 and MIL-9, potent inhibitors of Ca2 -CaM-dependent myosin 
light chain kinase (MLCK) (Cotelle et al., 1996). CaM antagonists have also been 
shown to increase plasma membrane H+-pumping ATPase activity in microsomal 
fractions of C. communis guard cells, suggesting that CaM may mediate the inhibitory 
effect of elevated [Ca 2 ] t on H+-pumping (Nejidat, 1995). 
Understanding the role of CaM in the regulation of stomatal behaviour has been 
complicated however, by a number of observations which implicate this Ca 2 -binding 
protein in stomatal opening. Shimazaki et al. (1992) for example, reported that blue-
light-dependent H+-pumping in V. faba guard cell protoplasts was inhibited by a variety 
of CaM antagonists, ML-7 and ML-9. Both W-7 and ML-9 were also found to 
significantly inhibit light-induced stomatal opening. These observations are in complete 
contrast to those observed in previous studies (e.g. Nejidat, 1995; Cotelle et al., 1996) 
and suggest a role for CaM and Ca 2 -CaM-dependent reactions in the activation of H -'--
pumping during stomatal opening. 
Given the recent finding that plants possess several CaM genes (reviewed in Roberts 
and Harmon, 1992), it has been speculated that some CaM isoforms may be involved in 
stomatal opening whilst others could play a role in the events leading up to stomatal 
closure (Assman, 1993). Further work is needed to elucidate and co-ordinate Ca 2 -
CaM-dependent phosphorylation and dephosphorylation reactions involved in the 
modulation of ion transport in guard cells. 
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1.5 Measurement of free intracellular Ca 2 
To obtain definitive evidence that free intracellular Ca 2 is involved in the regulation of 
any cellular process it is imperative to be able to accurately measure changes in 
[Ca2h ]cyt. Any Ca2 indicator should therefore ideally satisfy the following criteria 
(after Campbell, 1983): 
It should exhibit high specificity for Ca 2 
It should be sensitive to [Ca 2+j CYt  over the physiological range (1OiM down to 
lOnM) even in the presence of other physiologically occuring cations such as Mg 2 and 
K 
The method must be able to detect, without distorting the signal, changes in both 
slow and fast responding cells, and detect responses which may vary in amplitude or 
duration 
It must be relatively straightforward to incorporate the indicator into the cell without 
damage to the cells electrical, morphological or chemical properties, or perturbation of 
the Ca2 balance 
The indicator should diffuse rapidly but not redistribute itself across intracellular 
membranes 
The method should be adaptable to the measurement of localised distribution of 
[Ca2+]cyt within the cell 
There are currently 3 commonly used methods for measuring [Ca 2 ]; Ca2 -sensitive 
microelectrodes, Ca 2 -sensitive fluorescent dyes, and Ca2 -sensitive photoproteins. To 
enable selection of the appropriate method for any particular investigation it is necessary 
to understand the advantages and disadvantages of each. The principles and features of 
each of these methods are therefore outlined briefly below. 
M. 
1.5.1 Ca2 -sensitive microelectrodes 
Ca2 -sensitive microelectrodes can be used to monitor Ca 2 flux across cell membranes 
and to measure [Ca2 ] both in the cytosol and in the extracellular medium. In addition 
they can be used to manipulate [Ca 2 ]. The principle of the technique is that the 
activity of a particular ionic species in a solution of unknown electrolyte composition 
can be deduced from the electrical potential difference measured across an ion-selective 
membrane separating a reference solution from the solution to be analysed (Blinks et 
al., 1982). Ca2 -sensitive microelectrodes consist of a thin glass tube drawn to a tip of 
<lp.m in diameter, within which the reference solution (containing a fixed concentration 
of Ca2 ) is separated from the experimental solution by a layer of water-immiscible 
solvent containing a Ca 2 ion sensor, either a charged ion exchanger or a neutral carrier 
molecule. If movement of Ca 2 ions at the solution-sensor interface is sufficiently rapid 
a Nernstian potential will develop across the membrane. Advantages of ion selective 
electrodes include the fact that they are simple to construct, they measure Ca 2 activity 
directly and they are sensitive to Ca 2 in the range 0. 1-lOjiM. Their application is 
limited however by a number of disadvantages. For example, for intracellular 
monitoring the use of microelectrodes is restricted to single cells which must be large 
enough and robust enough to allow impalement. Secondly, microelectrodes do not 
respond quickly enough in vivo to detect short-lived Ca 2 transients and finally, since 
ion-selective electrodes only detect ionic activity in the vicinity of the electrode tip this 
method cannot provide spatial resolution. 
1.5.2 Ca2 -sensitive fluorescent dyes 
This family of Ca2 -indicators are commonly used since they undergo an optically 
detectable shift in their emission spectrum as a result of binding Ca 2 . The available 
fluorescent indicators have been largely modelled on the Ca 2 chelator EGTA, which 
has a selectivity for Ca 2 over Mg2 of 5-6 orders of magnitude and is suited to 
buffering Ca2 in the physiological range (Thomas and Delavile, 1991). These 
indicator dyes can be introduced into the cell via microinjection or incorporated as 
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membrane permeable esters which, once in the cytosol, are 'activated' by endogenous 
esterases. In the latter case, ease of loading is a major advantage as Ca 2 leakage 
resulting from damage to membranes is eliminated, making the method applicable to 
small or fragile cells which cannot be microinjected. In conjunction with confocal 
scanning laser microscopy or fluorescence ratio imaging Ca 2 -sensitive fluorescent 
dyes permit visualisation of localised changes in [Ca 2+] Cyt  within the cell. However 
there are also some disadvantages associated with this method, including 
compartmentalisation of dyes into organelles, photobleaching and cytotoxicity. 
1.5.3 Ca2 -sensitive photoproteins 
Photoproteins are self-contained bioluminescent systems in which all of the organic 
components required for luminescence are bound together and behave as a single 
macromolecule (Shimomura and Johnson, 1966). The bioluminescence substrate-
enzyme complex is composed of a luciferin (chemiluminescent substrate), a luciferase 
(catalyst) and molecular oxygen. These proteins occur naturally and have been 
identified in a number of jellyfish, hydroids, sea combs and a protozoan (e.g. 
Shimomura et al., 1962; Campbell, 1974; Herring, 1979). 
Aequorin was the first photoprotein to be discovered, isolated from the jellyfish 
Aequorea victoria (A. forskalea) by Shimomura et al. (1962) and has since been used 
extensively for the measurement of free Ca 2 in a variety of biological systems, 
including mammals (Eusebi et al., 1980), algae (Ashley and Williamson, 1981) and 
amoeba (Cobbold, 1979). 
Aequorin has a molecular weight of 21 .4kDa and is comprised of apoaequorin (the 
luciferase) - a single polypeptide chain of 189 amino acids, coelenterazine (the luciferin) 
which is a substituted dihydropyrazinimidazolone ring system linked to apoaequorin 
through a disulphide bond (Campbell and Herring, 1990), and bound oxygen. The 
protein contains 3 Ca 2 binding sites (EF hands), and a hydrophobic region thought to 
be the coelenterazine binding site. Aequorin is stable as an oxygen-containing protein-
luciferin intermediate in the absence of Ca 2t When Ca2 binds however, there is a 
conformational change in the protein which results in the oxidation of coelenterazine to 
coelenteramide and the emission of blue light at 465nm (Figure 1.4). The light emitter 
coelenteramide can only produce a photon once, although it has been shown that 
functional aequorin can be regenerated from apoaequorin by the addition of 
coelenterazine and molecular oxygen (Shimomura and Johnson, 1975). 
Ca2 + I 	coelenteramide + 




coelenterazine + 02 
Figure 1.4: Schematic representation of the Ca 2 -dependent discharge of the 
photoprotein aequorin and reconstitution of functional aequorin from apoaequorin, in 
the presence of coelenterazine and oxygen. 
Whilst aequorin is highly sensitive to Ca 2 , it should be borne in mind when using this 
intracellular indicator that a number of other ionic species can either trigger (e.g. Sr 2 , 
Pb2 , Ba2 ) or inhibit (e.g. Mg 2 , K, Ag) luminescence. However, with the 
exception of Mg2 and K, Ca2 is the only ion likely to be found in sufficient 
quantities to trigger luminescence under physiological conditions. 
The sensitivity of aequorin to Ca2 spans a wide range of concentrations (from less than 
lOOnm up to lOOjiM). Double logarithmic plots of aequorin luminescence intensity 
versus [Ca2 ] have shown that the relationship is not linear, but sigmoidal (Blinks et 
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al., 1978). As [Ca2 ] is increased the rate of discharge rises rapidly due to co-
operativity between the Ca 2 binding sites. The sensitivity of aequorin to Ca 2 , and 
hence the maximum slope of the curve, is dependent upon the concentration of 
monvalent ions and Mg2 , temperature and to a lesser extent, pH. Depending on the 
reaction conditions used, the maximum slope of the curve has been found to vary 
between 2 and 3, indicating that either 2 or 3 Ca 2 ions are required to trigger 
luminescence. This ambiguity has recently been clarified by Shimomura and Inouye 
(1996) who showed, in Ca2 titrations of aequorin, that 2 Ca 2 ions are required to 
trigger luminescence. Site directed mutagenesis of single Ca 2 binding sites has also 
indicated that the third Ca 2 binding site is non-essential for luminescence (Tsuji et al., 
1986). 
It should be noted that aequorin also exhibits Ca 2 -independent luminescence which can 
be detected at zero or very low [Ca 2 ] (< 10 8M). The intensity of this Ca 2 -
independent component is also influenced by factors such as pH and temperature but is 
absent upon discharge with Ca 2 (Allen et al., 1977). 
In addition to the high sensitivity to Ca 2 and the steep relationship between aequorin 
luminescence intensity and [Ca 2 ], which makes this photoprotein ideal for monitoring 
changes in free [Ca2 ] in the physiological range, the use of aequorin as an intracellular 
Ca2 indicator has a number of other advantages. It is highly stable in the cytosol 
(Miller et al., 1995), allowing prolonged periods of measurement and as it does not 
cross intracellular membranes, it is not compartmentalised into organelles. It is also 
non-toxic to the cell and as the signal is measured as luminescence this method avoids 
potential interference from tissue autofluorescence. One potential problem with using 
aequorin as an intracellular Ca2 indicator is that the light levels emittied are very low. 
However, the development of highly blue-light-sensitive chemiluminometers which can 
detect down to single photons (providing background noise is kept to a minimum) and 
which exhibit wide sensitivity ranges (over at least 6 orders of magitude) has 
considerably improved this method of Ca 2 measurement. Aequorin luminescence 
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monitored with such detection systems has been calibrated to [Ca 2 ] under conditions 
which mimic the physiological environment, allowing the accurate quantification of 
[Ca2 ] over a wide range. Moreover, the development of photon imaging detectors 
(such as charge-coupled device (CCD) and intensified tube cameras) now permits 
spatial resolution of Ca 2 -dependent aequorin luminescence in biological systems. 
Until recently, aequorin was generally introduced into cells via microinjection, with the 
attendant risk of cell damage. However, the cloning of apoaequorin genes from A. 
victoria (Prasher etal., 1985; Inouye etal., 1986) has eliminated this risk. Recombinant 
DNA and transformation technology has enabled the non-invasive, stable incorporation 
and expression of homogenous apoaequorin in a variety of organisms. It was found, in 
a pioneering study by Knight et al. (1991), that functional aequorin could be 
reconstituted in a line of transgenic N. p!umbaginfo1ia (containing the apoaequorin 
coding region under the control of the CaMV 35S promoter) by simply floating 
seedlings on a solution of coelenterazine, which readily permeates cell membranes. 
Aequorin was found to be highly stable in these seedlings, permitting the measurement 
of free [Ca2 ] over prolonged periods of time (e.g. Johnson et al., 1995). Since the 
initial study by Knight et al. (1991), genetic transformation has been used to introduce 
apoaequorin into a multitude of different organisms including slime moulds (Saran et 
al., 1994), yeast (Nakajima-Shimada et al., 1991) and drosophila (Davies et al., 
unpublished data. University of Glasgow). Construction of chimeric genes in which the 
apoaequorin coding region is fused to organelle targeting signals has enabled free 
[Ca2 ] to be monitored in specific subcellular locations including the nucleus 
(Badminton et al., 1995), ER (Kendall et al., 1994), chloroplasts (Johnson et al., 
1995), mitochondria (Rizzuto et al., 1992), cytosolic face of the tonoplast (Knight et 
al., 1996) and plasma membrane (Heather Knight, unpublished data. University of 
Oxford). 
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1.6 Objectives of this study 
It is the aim of this study to continue investigation into the role of Ca 2 in stimulus-
response coupling and endogenous circadian rhythmicity in plants. 
1.6.1 Selection of biological material 
The photoprotein aequorin has been selected for Ca 2 measurement since it best fulfills 
the criteria outlined for an intracellular Ca 2 indicator, having several advantages over 
the use of Ca2 -sensitive microelectrodes and fluorescent dyes (section 1.5). The plant 
species used throughout this work, N. plumbaginfolia, was selected for several 
reasons: 
There is previous evidence that a Ca 2 -based signaling pathway operates in this 
species 
Circadian rhythmicity in free intracellular [Ca 2 ] has previously been demonstrated in 
this species 
A number of suitable binary vectors for the genetic transformation of this species are 
known and transformation can be readily achieved via Agrobacterium -mediated leaf 
disc transformation 
A transgenic line of N. plumbaginfolia (MAQ 2.4), expressing apoaequorin under 
the control of the CaMV 35S promoter, was readily available at the start of this work 
The conditions for in vivo aequorin reconstitution and calibration of changes in free 
intracellular [Ca2 ] in transgenic lines of this species are well established. 
1.6.2 Objectives 
In view of the rapidly accumulating evidence for a central role for Ca 2 in the regulation 
of stomatal behaviour it is the primary aim of this study to continue investigation into 
the role of this second messenger in guard cell signal transduction pathways. Although 
the effects of a variety of environmental factors on stomatal behaviour are well 
documented, the importance of Ca 2 and the mechanisms by which environmental 
signals are transduced into altered guard cell function are only now beginning to be 
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elucidated. Even in the case of ABA-induced stomatal closure, the most intensively 
studied stomatal response to date, there is some controversy as to the importance of 
Ca2 in mediating closure. Since the data obtained thus far do not support an absolute 
requirement for ABA-induced elevation of guard cell [Ca 2 ] for closure, further 
investigation of the role of Ca 2 in the stomatal response to this phytohormone is 
necessary. This study also aims to identify other stimuli which may be transduced in 
guard cells by free intracellular Ca 2 and to determine the physiological consequences 
of stimulus-induced changes in guard cell [Ca 2 ]. The role of other putative 
components of guard cell Ca 2 -signaling pathways will also be investigated. These 
issues will be addressed using a 'two-pronged' approach: 
by monitoring stimulus-induced changes in [Ca2+]Cyt  in guard cells 'isolated' from 
epidermal strips of transgenic N. plumbaginifolia MAQ 2.4 
by producing transgenic plants in which the expression of apoaequorin is under the 
control of guard cell 'specific' promoters, thereby enabling monitoring of stimulus-
induced changes in guard cell [Ca2 ] t in intact seedlings. 
The hypothesis that Ca 2 plays a pivotal role in circadian regulation in plants has gained 
strong support from the recent observation that transgenic N. plumbaginfolia MAQ 2.4 
exhibits robust circadian rhythmicity in [Ca 2 ] t under free-running conditions 
(Johnson et al., 1995). However, the mechanism(s) whereby oscillations in [Ca 2 ] t 
arise in these plants, and whether these oscillations represent an integral component of 
the molecular clock mechanism, part of the photic entrainment pathway, or simply an 
overt rhythm has yet to be elucidated. 
An additional aim of this study is therefore to address these questions by the chemical 
manipulation of the free-running rhythm of Ca2 -dependent aequorin luminescence in 
N. plumbaginifolia MAQ 2.4. Since the physiological significance of these oscillations 
is not yet known, attempts will also be made to image circadian changes in Ca 2 -
dependent aequorin luminescence in these plants to identify the responsible cell type(s). 
Given the growing body of evidence that Ca2 plays a pivotal role in the modulation of 
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stomatal behaviour in response to environmental signals, it is an intriguing possibility 
that oscillations in guard cell [Ca 2+] Cyt  may also play a regulatory role in the circadian 
control of endogenous stomata! movements. This possibility will be investigated by 
monitoring changes in [Ca 2 ] t in transgenic N. plumbaginfolia in which apoaequorin 
expression is directed by guard cell 'specific' promoters. 
In summary, the initial aims of this project are two-fold: 
to further investigate the role of Ca 2 and other components of the eukaryotic Ca 2 -
signaling pathway in guard cell stimulus-response coupling, and to explore the 
possibilty that circadian oscillations in guard cell [Ca 2+] Cyt  may regulate endogenous 
stomata! movements. 
to investigate the hypothesis that Ca 2 plays a central role in the molecular clock 
mechanism in plants and to determine the mechanism(s) whereby oscillations in 
[Ca2 ] may arise. 
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Chapter 2 
Materials and Methods 
2.1 General 
2.1.1 Reagents 
All chemical reagents were purchased from BDH Chemicals Ltd (Poole, Dorset, U.K.) 
or Sigma Chemical Company (Poole, Dorset, U.K.) unless otherwise stated. All 
restriction enzymes and buffers were obtained from Biogene Ltd. (Bedfordshire, 
U.K.), Boehringer Mannheim (East Sussex, U.K.), or Life Technologies Ltd, 
(Paisley, U.K.). Calf intestinal alkaline phosphatase (CIP) was obtained from 
Boehringer Mannheim and Pfu DNA polymerase from Stratagene (Cambridge, U.K.). 
Coelenterazine was obtained from Cambridge Biosciences (Cambridge, U.K.). 
All percentage solutions are weight: volume, unless otherwise specified. 
2.1.2 Buffers and media 
The following buffers and media were made up in distilled water and used at various 
stages throughout this project: 
Aequorin reconstitution 
buffer: 	 50mM Tris-HC1 pH7.4, 0.5M NaCl, 10mM EGTA, 
5mM B-mercaptoethanol, 0.1% BSA 
agarose loading buffer: 	20% glycerol, 50mM Tris pH7.5, 10mM EDTA, 0.06% 
xylene cyanol FF, 0.06% bromophenol blue 
L broth: 
	
	 1% Bacto tryptone, 0.5% yeast extract, 85.5mM NaCI 
(plus 1.5% bactoagar for solid media) 
Minimal media: 	 0.77mM MgSO4, 0.2% thiamine, 0.2% glucose, 20% 
5 x salts, 1.5% bactoagar (5 x salts contain 301mM 
K2HPO4, 166mM KH2PO4, 37.9mM (NH4)2SO 4, 
8.6mM trisodium citrate) 
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0.5 x MS media: 	 0.235% MS media (plus 0.8% bactoagar for solid media) 
SDS loading buffer: 	200mM dithiothreitol, 4% SDS, 20% glycerol, 0.2% 
bromophenol blue, 0.16M Iris pH6.8 
SDS running buffer: 	50mM Iris, 0.4M glycine, 0.1% SDS 
SOC: 	 2% Bacto tryptone, 0.5% Bacto yeast extract, 10mM 
NaCl, 2.5mM KC1, 10mM MgCl2, 10mM MgSO4, 
20mM glucose 
STET buffer: 	 8% Sucrose, 5% Triton x-100, 50mM EDTA, 50mM 
Tris pH8.0 
10 x TBE: 	 0.89M Boric acid, 0.89M Irizma base, 25mM EDIA 
TE: 	 10mM Iris, 1mM EDIA 
2 x YT broth: 	 1.6% bactotryptone, 1% yeast extract, 85.5mM NaCl, 
with the pH adjusted to 7.4 with NaOH (plus 1.5% 
bactoagar for solid media) 
2.2 Preparation of plant material 
2.2.1 Germination and growth conditions 
All plant material used throughout this project was germinated from F3 seeds unless 
stated otherwise. Seeds were first sterilised by soaking in 10-14% household bleach in 
sterile eppendorf tubes for 12 minutes followed by 4 washes in sterile distilled water. 
They were then incubated in 1mM GA3 overnight at 4°C to synchronise germination 
before being plated out on 0.5 x MS media (containing 400p.g/ml kanamycin for 
transgenic lines) and grown in natural white light (l00p.mol.dm -2 .s-1 ) for a 12 hour day 
at 22-24°C for 2 weeks. After 2 weeks seedlings required for the generation of 
epidermal strips (section 2.5) were transferred to Levingtons M3 potting compost 
(Fisons plc, Suffolk, U.K.) and grown in natural white light for a 16 hour day at 22-
24°C for a further 8 weeks. Plants were kept well watered throughout. 
Seedlings required for circadian studies (section 2.6) were grown in natural white light 
for a 16 hour day at 22-24°C for 8-10 days. 
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2.2.2 Induction of apoaequorin expression in N. plumbaginifolia MAQ 
15.11 
Expression of apoaequorin in MAQ 15.11 seedlings was induced by incubating 2 week 
old seedlings in lOOp.M (/-)-cis,trans-ABA in darkness for 32 hours, prior to in vivo 
aequorin reconstitution. 
2.3 In vivo aequorin reconstitution and luminescence 
measurements 
2.3.1 Aequorin reconstitution 
Aequorin was reconstituted in epidermal strips by floating on a solution of 5j.iM 
coelenterazine (in 10mM IVIES, 2.5mM K2SO4, 50mM KC1 pH6.0) for 4 hours in 
darkness, and in seedlings by floating on a 5jiM solution of coelenterazine (in distilled 
water) overnight in darkness. In seedlings required for circadian studies, aequorin was 
reconstituted with 10iM coelenterazine (in distilled water) for 8 hours during the last 8 
hour dark interval before transfer to free-running conditions. 
2.3.2 Luminescence measurements using a digital chemiluminometer 
Luminescence measurements were made using a digital chemiluminometer (Thorn EMI, 
U.K.) equipped with a 2 inch diameter photomultiplier tube type 9829A maintained at 
-20°C in a FACT 50 air cooled housing. The photomultiplier tube was linked via an 
amplifier / discriminator (AD2) to a counter-timer board and monitored on an Elonex 
PC-333 computer. Seedlings were floated on 0.5m1 deionised water in 55 x 12mm 
tubes (Sarstedt, Germany) and inserted into the sample housing of the 
chemiluminometer. Stimuli were applied by injecting, via a 19 gauge syringe needle, 
into the sample housing. For inhibitor studies, plant material was incubated for 0.5 
hours in the inhibitor / antagonist prior to luminescence measurements. Luminescence 
was recorded every second for 60 seconds unless otherwise specified. 
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2.3.3 Circadian luminescence measurements 
Ten seedlings were floated on 2m1 0.5 x liquid MS media in universal vials and 
transferred from their normal light / dark regime (section 2.2.1) to free-running 
conditions (constant natural white light at 22°C) at circadian time zero (CT 0), i.e. at the 
end of the last 8 hour dark interval before transfer to constant light. Circadian 
oscillations in [Ca2 ]-dependent aequorin luminescence were then measured using an 
automated photomultiplier tube apparatus (Kondo et al.. 1993), shown in Plate 2.1. 
Plate 2.1: Automated photomultiplier tube apparatus used for the measurement of 
circadian changes in [Ca2 ]-dependent aequonn luminescence. 
A cart containing the photomultiplier tube (A) moves along a bar in which vials of 
seedlings are inserted (B), measuring the luminescence of each sample for 1 minute. 
During measurement the cart covers not only the sample being monitored but also the 2 
samples flanking it, such that each sample is subject to a 3 minute dark interruption of 
the background illumination. This brief interruption does not interfere with circadian 
expression (Kondo etal., 1993). Sensitivity was increased in this apparatus by routing 
the output of a low-noise photomultiplier tube (Hamamatsu R2693P) to a photon 
counter (Hamamatsu C3866) to detect weak luminescence. 
2.3.4 Luminescence imaging 
A Berthold LB980 intensified tube camera (St. Albans, Hertfordshire, U.K.), in 
conjunction with a Nikon Diaphot microscope (Nikon, Japan), were used for collecting 
luminescent images of cold shock responses. Samples were cooled to 0°C on a peltier 
temperature stage under the microscope and cold shock-induced [Ca 2 ]-dependent 
aequorin luminescence images collected over 6 second intervals (2 x 3 second 
integrations), unless otherwise stated. Quantification of cold shock-induced [Ca 2 ]-
dependent aequorin luminescence was performed using the Berthold 1b980 software 
package according to manufacturers instructions. 
2.4 Calibration of elevated [Ca 2 ] 
2.4.1 Calibration of Ca 2 transients 
Stimulus-induced calcium transients in both epidermal strips and seedlings were 
quantified using the following assay: 
Following stimulation cells were lysed by injection of 0.5m1 900mM CaC12 / 10% 
EtOH into the sample housing of the chemiluminometer allowing measurement of total 
aequorin luminescence in each sample (Lum m ). The ratio of peak aequorin consumed 
(in response to stimulation) to peak Lumm was then converted into a calcium 
concentration using the calibration curve described by Allen et al. (1977). 
2.4.2 Calibration of Ca 2 oscillations 
At the peaks and troughs of the rhythm individual vials of 10 seedlings were removed, 
and luminescence measured using a Hamamatsu photomultiplier tube (type R2693P) 
linked to a Hamamatsu C5410 photon counter. To establish Lum ma., the seedlings were 
then frozen in liquid nitrogen and homogenised in 0.5m1 of 0.5M NaCl, 5mM EDTA, 
5mM dithiothreitol, 0.1% gelatin, 50mM Pipes (pH7.2) before the remaining aequorin 
activity was discharged with an excess of 100mM CaC12 in buffer (Knight et al., 1991; 
Shimomura et al., 1993) and total luminescence measured. The ratio of aequorin 
59 
luminescence at the peaks / troughs to Lum na,, was then used to quantify circadian 
changes in [Ca2+]cyt using the calibration curve described by Allen etal. (1977). 
2.5 Techniques used in epidermal strip assays 
2.5.1 Peeling of epidermal strips and 'isolation' of viable guard cells 
Strips of epidermis were peeled (at an angle of 45°) from the abaxial surface of fully 
turgid 8 week old N. plumbaginjfolia leaves grown as described in section 2.2.1, and 
placed 'ripped side down' directly into a holding solution of 10mM MES, 2.5mM 
K2SO4, 50mM KC1 pH6.0. All further manipulations of strips were carried out in 
90mm petri dishes illuminated by natural white light, with CO2 free air bubbling 
through at 300m1 min 1 unless otherwise stated. 
Peels were then transferred to 10mM MES, 2.5mM K2SO4 50mM KC1 pH4.5 for 2 
hours to selectively kill epidermal cells (Squire and Mansfield, 1972) prior to aequorin 
reconstitution (section 2.3.1). 
Epidermal strips were then transferred to 55 x 12mm tubes for luminescence 
measurements (section 2.3.2) or placed onto 22 x 50mm microscope slides (Chance 
Propper Ltd., Smethwick, Warley, U.K.) for aperture measurements (section 2.5.2) or 
viability staining (section 2.5.3). 
2.5.2 Stomatal aperture measurements 
Apertures of randomly selected stomata were magnified 40x using a Nikon Diaphot 
microscope and measured using a Nikon eye piece micrometer (Nikon, Japan). Eye 
piece units at this magnification were converted to micrometers by multiplying by 1.96. 
Stimulus-induced changes in stomatal aperture were monitored following either a 1 
second injection (via a 19 gauge syringe needle) of 0.5m1 buffer onto epidermal strips 
floating on 0.5ml deionised water in luminometer tubes (for mechanical stimulation), 
cooling of samples to 0°C on a peltier temperature stage (for cold shock) or incubation 
in lOp.M ABA. For inhibitor studies, epidermal strips were incubated for 0.5 hours in 
the inhibitor / antagonist prior to aperture measurements being made. 
2.5.3 Viability staining 
Cell viability in epidermal strips was determined using the vital stain fluorescein 
diacetate (FDA) (12.5j.tg/ml)  and the mortal stain propidium iodide (PT) (100i.g/ml). 
When both are used sequentially, live cells fluoresce green and dead/damaged cells red 
upon excitation at 490nm (Oparka and Read, 1993). Emmision was monitored at 
518nm using a B-1 filter block (Nikon, Japan). Both stains were applied to strips on 
microscope slides and incubated at room temperature for 5 minutes prior to counting 
randomly selected viable epidermals cells, trichomes and stomata. Only stomatal 
complexes where both guard cells fluoresced green were counted as viable. 
2.6 Techniques used in the study of circadian oscillations in 
2.6.1 Administration of drug pulses 
Seedlings required for circadian studies were germinated and grown as described in 
section 2.2.1 before being transferred to free-running conditions for luminescence 
measurements (section 2.3.3). Drug pulses were adminstered to seedlings at CT 0, 6, 
12 or 18, by adding the appropriate drug, in lOpJ of either deionised H20, 0.1% EtOH 
or 0.1% DMSO, to each vial and washing out 6 hours later with 3 changes of fresh 
liquid MS media. Control additions of either lOpi deionised H2O, 0.1% EtOH or 0.1% 
DMSO were also made at each circadian timepoint tested, depending on the solvent 
required to dissolve each drug. For clarity, since the effects of these control additions 
were not phase-dependent, only one representative example of each (administered at CT 
18) is shown for each drug treatment (Chapter 3). 
2.6.2 Determination of period and drug-induced phase-shifts 
The period of [Ca2 ]-dependent aequorin luminescence rhythms were determined by 
calculating the time after which a definate phase re-occured. In this study the mid-point 
in the declining phase was selected for the calculation of period, as shown in Figure 
2.1(a). Drug-induced phase-advances and delays were determined by calculating the 
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difference in timing of the peaks, toughs or mid-points between the chemically 
manipulated rhythm and an untreated control rhythm, as shown in Figure 2.1(b) and 
(c). 





Figure 2.1: Determination of period and phase-shifts of biological rhythms. 
A biological oscillation (sine wave) firstly entrained by an environmental periodicity 
(square wave), and then free-running in constant conditions, showing determination of 
period using the mid-point in the declining phase 
A free-running oscillation subjected to a perturbation (P) causing the phase of the 
rhythm to be delayed (solid line) compared to an unperturbed control (broken line) 
A free-running oscillation subjected to a perturbation (Pi) causing the phase of the 
rhythm to be advanced (solid line) compared to an unperturbed control (broken line). 
(After Saunders, 1977). 
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2.6.3 Viability staining 
The viability of seedlings used in circadian studies was confirmed at the end of each 
experiment using the vital stain FDA and the mortal stain P1 as described in section 
2.5.3. 
2.7 Growth and manipulation of Escherichia coli cultures 
E. coli cultures were grown in L broth at 37°C with shaking at 225 rpm and bacterial 
colonies stored for short periods on L plates at 4°C. Bacteria transformed with plasmids 
carrying ampicillin, kanamycin or spectinomycin resistance marker genes were grown 
in L broth and stored on L plates containing lOOp.g/ml of the appropriate antibiotic. 
2.7.1 Preparation of CaC12 competent cells 
E. coli strain JM101 was grown at 37°C on minimal media plates for two days and a 
single colony picked into 5m1 L broth and grown overnight at 37°C with shaking. The 
overnight culture was then diluted 100 fold into lOOm! L broth and incubated at 37°C 
until an 0D600 of 0.4-0.6 was reached. The cells were placed in ice for 10 minutes 
before being centrifuged at 3500 rpm in an MSE Mistral 4L centrifuge at 4°C for 5 
minutes. The pellet was then gently resuspended in 50m1 ice cold 100mM CaCl2 and 
placed on ice for 30 minutes. The cells were centrifuged again and the pellet gently 
resuspended in imi 100mM CaC12 containing 15% glycerol. Competent cells were 
either used immediately or frozen in liquid nitrogen and stored at -70°C until required. 
2.7.2 Preparation of electrocompetent cells 
E. coli strain DH5a was grown at 37°C on minimal media plates for two days and a 
single colony picked into 5m1 L broth and grown overnight at 37°C with shaking. The 
overnight culture was then diluted 100 fold into 1 litre L broth and incubated with 
shaking until an 0D600 of 0.5-0.7 was reached. The cells were then chilled on ice for 
15-30 minutes before centrifugation in an MSE Mistral 4L centrifuge at 3500 rpm at 4°C 
for 15 minutes. The pellet was then gently resuspended in 1 litre ice-cold sterile 10% 
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glycerol and the centrifugation step repeated 3 more times resuspending the pellet in 
smaller volumes of 10% glycerol each time, (0.5 litres, 20m1 and finally 2m1) giving a 
cell density of approximately 1-3 x 1010  cells/ml. Electrocompetent cells were either 
used immediately or frozen in liquid nitrogen and stored at -70°C until required. 
2.8 Transformation of competent E. coli JM101 
2.8.1 CaC12 method 
100 jil aliquots of competent cells were first thawed on ice. The required DNA was then 
added and the cells incubated on ice for 20 minutes. The cells were then heat shocked at 
42°C for 2.5 minutes before imI L broth was added. After incubation at 37°C for 40 
minutes the cells were pelleted in an MSE microcentaur centrifuge at 13,000 rpm, 
gently resuspended in lOOpJ fresh L broth, spread onto L plates containing the 
appropriate antibiotic for the selection of colonies containing plasmids and incubated 
overnight at 37°C. For selection of colonies carrying plasmids with blue/white colour 
selection 500.Lg/ml IPTG and 40tg/ml X-gal were incorporated into the solid media. 
2.8.2 Electroporation 
Prior to electroporation ligated DNA was treated with n-butanol to reduce the ionic 
strength of the ligation mix, thereby improving transformation efficiency, and then 
heated to 65°C for 10 minutes to denature the T4 DNA ligase. Sterile distilled water was 
then added to a total volume of 50pJ before adding 500pi n-butanol and vortexing for 5 
seconds. The tube was then centrifuged at 12000 rpm for 10 minutes, the supernatant 
discarded and the pellet dried and resuspended in 5-10jil sterile distilled water. 40j.tl 
aliquots of electrocompetent cells were then gently thawed at room temperature and 
placed immediately on ice together with sterile electroporation cuvettes. The cells were 
then mixed with 1-2p1 n-butanol treated DNA in a chilled eppendorf tube, transferred to 
an electroporation cuvette and gently shaken to the bottom. Electroporation was 
performed using a Gene Pulser apparatus (BioRad, Hercules, CA, U.S.A.) with a 
capacitance of 25jiF, resistance of 20OK2 and voltage of 1.8kV, according to the 
supplier's protocol. The cells were then gently resuspended in lml Soc medium, 
transferred to a sterile eppendorf tube and incubated for 1 hour at 37°C with shaking at 
225rpm before plating out on selective medium. 
2.8.3 Transformation using supercompetent cells 
To achieve greater transformation efficiency Epicurian Coli XL 1-Blue supercompetent 
cells (Stratagene) were used according to supplier's protocol, when transforming with 
DNA ligated into PCR-Script or the binary vector pART 27. 
2.9 DNA preparation and manipulation 
2.9.1 Small-scale plasmid DNA preparation from E. coli cultures 
DNA was extracted according to the miniprep method of Holmes and Quigley (1981). 
A single colony of E. coli transformed with the required plasmid was picked into 5m1 L 
broth containing the appropriate antibiotic at lOOp.g/ml and grown overnight at 37°C 
with shaking at 225 rpm. The cells were then centrifuged for 20 seconds at 13,000 rpm 
at room temperature before being resuspended in 350i1 STET buffer containing 
0.7mg/mi lysozyme and incubated at room temperature for 5 minutes. The cells were 
then vortexed briefly and boiled for 40 seconds before being centrifuged at 13000 rpm 
at 4°C for 15 minutes. The supernatant was removed, and RNase added to a final 
concentration of 20pg/ml , before being incubated at 37°C for 2 minutes to remove the 
RNA. The DNA was then precipitated by adding 40p.l 3M sodium acetate and 400p.1 ice 
cold isopropanol and centrifuging at 4°C for a further 7 minutes. The resultant pellet 
was washed in lml 70% EtOH and left to dry before being resuspended in 50pi TE. 
The yield was calculated from the 0D260 according to Maniatis etal. (1982). 
When cleaner small-scale preparations of DNA were required (for ligations or PCR, 
sections 2.9.3 and 2.10 respectively) cells were grown up as above and DNA extracted 
using the Wizard Miniprep DNA purification system (Promega, Southampton, U.K.) 
according to the manufacturer's instructions. 
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2.9.2 Large-scale Plasmid DNA Preparation from E. coli cultures 
A single colony of E. coli transformed with the required plasmid was picked into 600m1 
of L broth containing the appropriate antibiotic at lOOj.Lg/ml and grown overnight at 
37°C with shaking at 225 rpm. The cells were harvested by centrifuging at 4500 rpm in 
a Sorvall RC-5B centrifuge at room temperature for 10 minutes and DNA extracted 
using the Qiagen plasmid kit (Surrey, U.K.) according to the manufacturer's 
instructions. 
2.9.3 Restriction digests, polishing, phosphatase treatment and ligations 
All DNA manipulations and cloning were performed by standard procedures as 
described by Maniatis et al. (1982) and Sambrook et al. (1989), using the buffers 
recommended or provided by the supplier of the enzymes. 
Digests were analysed by agarose gel electrophoresis (section 2.11) and required 
fragments excised and eluted (section 2.12). Vector DNA was generally treated with 1 
unit calf intestinal phosphatase (which catalyses the removal of 5'-phosphate residues 
from DNA to prevent self-ligation) in 1 x CIP buffer (50mM Iris pH9.0, 1mM MgC12, 
0.1mM ZnC12) at 37°C for 1 hour, and then heated to 65°C for 10 minutes prior to 
ligation with the required insert. Ligations were carried out in 50mM Tris-HC1 pH7.6, 
10mM M902, 1mM ATP, 1mM dithiothreitol, 5% polyethylene glycol-8000 for 4 
hours at room temperature for sticky end ligations and overnight at 15°C for blunt end 
ligations with 1 unit T4 DNA ligase unless otherwise stated. 
DNA fragments generated by PCR (section 2.10) were blunt ended with 2.5 units Pfu 
DNA polymerase (Stratagene) in 100mM KC1, 100mM (NH4)250 4, 200mM Tris-Cl 
pH8.8, 20mM MgSO4, 1% triton x-100, 1 mg/ml BSA at 72°C for 30 minutes before 
being cloned into PCR-Script (Stratagene) according to supplier's protocol. 
2.9.4 Phenol extraction and ethanol precipitation of binary vector DNA 
Digested, phosphatased pART 27 DNA was cleaned prior to ligation with desired 
inserts as follows: an equal volume of phenol (equilibrated with 100mM Iris pH8.0 
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before use) was added to the DNA, vortexed briefly and left at room temperature for 2-
3 minutes. The mixture was then briefly vortexed again, centrifuged at 13000rpm for 4 
minutes and the clear upper phase removed to a clean, sterile eppendorf tube. The DNA 
was precipitated by adding 2.5 volumes EtOH and immersing in liquid N2 for 
approximately 1 minute and then pelleted by centrifuging at 13,000rpm for 15 minutes 
at room temperature. The pellet was washed with 0.5m1 ice-cold 70% EtOH and left to 
dry before resuspending in sterile distilled water. 
2.10 Amplification of DNA using the Polymerase Chain 
Reaction 
All oligonucleotide primers used in this project were designed specifically for each 
amplification reaction to add specific restriction sites at the 3' and 5' ends of the DNA 
and were synthesized by Oswel DNA Services (Southampton, U.K.). They are 
described in Chapter 5. 
Amplification reactions were performed according to Maniatis et al. (1982), in a total 
volume of 50jtl, using an Omnigene automated temperature cycler (Hybaid Ltd., 
Middlesex, U.K.) The reactions were carried out in 200mM (NH4)2 SO4, 750mM Tris-
HCI pH9.0 (at 25°C), 0.1% Tween 20, 1.5mM M902, 200jtM dNTP, lp.M each 
oligonucleotide primer with 2.5 units biopolythermase (Biogene Ltd.). 
Approximately lOng template DNA was added in double stranded form and the reaction 
mixture was overlaid with 50pJ mineral oil to prevent evaporation of the sample. The 
PCR cycles used for each amplification reaction are as follows: 
94°C 1 minute 	 xl cycle 
94°C 30 seconds 50°C 1 minute 
	
72°C 2 minutes 	x30 cycles 
30°C 1 minute 	xl cycle 
Controls were run simultaneously with each reaction in the absence of either template 
DNA, oligonucleotide primers, dNTPs or biopolythermase. 
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2.11 Agarose Gel Electrophoresis 
Electrophoresis was performed on gels containing the desired percentage of agarose 
(BioRad), 0.5 x TBE and 0.1.tg/m1 ethidium bromide (Sigma). DNA samples were 
diluted in agarose loading buffer prior to loading and run against lj.ig 1kb DNA ladder 
markers (Life technologies, Ltd.). Gels were run horizontally under buffer at 80V in 
BioRad minigel tanks (BioRad, Hertfordshire, U.K.) for approximately 45 minutes in 
0.5 x TBE and viewed under ultraviolet light. Photographs were taken using a COHU 
high performance CCD camera and printed onto thermal paper with a Mitsubishi video 
copy processor. 
2.12 Gel elution 
The elution of DNA from agarose gels were performed according to the manufacturer's 
description for each kit used: the Geneclean kit (BlO 101 Inc., La Jolla, CA, U.S.A.) 
and Qiagen gel purification columns (Qiagen Ltd.). 
2.13 Growth and Manipulation of Agrobacterium tumefaciens 
cultures 
A. tumefaciens cultures were grown in 2 x YT broth containing rifampicin (lOOj.ig/ml) 
and streptomycin (400 jig/mI) at 28°C and stored for short periods on selective L plates 
at 4°C. Agrobacteria transformed with plasmids carrying a spectinomycin resistance 
marker gene were grown in 2 x YT broth and stored on L plates containing lOOj.tg/ml 
spectinomycin and lOOjig/mi streptomycin. 
2.13.1 Preparation of competent cells 
A. tumefaciens strain LBA4404 was grown at 28°C on selective L agar for 2-3 days and 
a single colony picked into 5m1 2 x YT broth, as detailed above, and grown up 
overnight at 28°C with shaking at 250rpm. The overnight culture was then diluted 10 
fold into 50m1 2 x YT broth containing 400j.tg/ml streptomycin and incubated with 
shaking at 28°C until an 0D650 of 0.6 was reached. The cells were chilled on ice for 5 
minutes before being centrifuged at 2000 rpm at 4°C for 7 minutes. The pellet was then 
gently resuspended in imi ice cold 20mM CaC12. Competent cells were frozen in liquid 
nitrogen and either used immediately or stored at -70°C until required. 
2.13.2 Transformation of competent A. tumefaciens LBA4404 
2-4 jig of the required DNA was added to lOOpJ of frozen competent cells which were 
then thawed at 37°C for 5 minutes before adding imi of 2 x YT broth. The cells were 
incubated at 28°C for 3 hours without shaking and then centrifuged at 6000rpm for 30 
seconds. 
The pellet was gently resuspended in lOOjil 2 x YT, spread onto L plates containing 
lOOjig/mI streptomycin and lOOj.tg/ml spectinomycin and incubated at 28°C for 2 days. 
For selection of colonies carrying plasmids with blue/white colour selection 500jig/ml 
IPTG and 40 jig/mi X-gal were incorporated into the solid media. 
2.13.3 Small-scale plasmid DNA preparation from A. tumefaciens 
cultures 
DNA was extracted using the miniprep method of Holmes and Quigley (1981) as 
described in section 2.9.1. 
2.14 Agrobacteriu rn-mediated leaf disc transformation 
Single Agrobacterium colonies containing the required plasmids were picked into 5m1 2 
x YT broth containing lOOji.g/ml spectinomycin and 200jig/ml streptomycin and grown 
overnight at 28°C with shaking. This culture was then diluted 10 fold into fresh, 
selective L broth and grown for a further night at 28°C before being centrifuged at 
2000rpm for 5 minutes. The pellet was then gently resuspended in 50m1 filter sterilised 
1 x liquid MS media. Meanwhile 6 wild type N. p1umbaginfo1ia leaves were sterilised 
by soaking in 1% household bleach / 0.01% Triton for 12 minutes followed by 6 
washes in sterile distilled water. The sterile leaves were then cut into 0.5cm 2 pieces and 
immersed in the 1 x MS Agrobacterium suspension. After soaking for 15-30 minutes 
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the leaf pieces were washed again in sterile distilled water and blotted onto 3MM 
Whatmann paper to remove any excess moisture. They were then placed on shooting 
media without antibiotics (0.47% MS media, 10mg/mi sucrose, 0.8% bactoagar, 
2J.Lg/ml kinetin, 0.2j.tg/ml NAA) on top of a fresh circle of 3MM Whatmann paper and 
left in constant natural white light. After 2 days the leaf pieces were transferred onto 
fresh shooting media containing 250p.g/ml carbenidillin and 200j.tg/ml kanamycin and 
left in constant light until callus tissue formed and shoots started to appear. Shoots 
generated in this way were excised from the callus tissue and transferred, depending on 
their size, either to root-inducing media (0.235% MS media, 5mg/mi sucrose, 0.8% 
bactoagar, l00pg/m1 carbenicillin, lOOj.tg/ml kanamycin) or expansion media (0.235% 
MS media, 5mg/mi sucrose, 0.8% bactoagar, 250jig/ml carbenicillin, 200p.g/ml 
kanamycin). When the plantlets had successfully rooted they were planted in 
Levingtons M3 potting compost and allowed to go to seed. Seeds were stored in a cool, 
dry place until required. 
2.15 In vitro screening of Fi transgenic seedlings for 
functional aequorin 
2.15.1 Extraction of total protein 
Total protein was extracted from approximately thirty 2 week old seedlings by freezing 
and homogenising in liquid nitrogen. The homogenate was then resuspended in lml 
aequorin reconstitution buffer and centrifuged for 3 minutes at 13,000rpm to spin out 
the cell debris before removing the supernatant to a clean eppendorf. 
2.15.2 Protein assay 
Determination of total protein content of the extracts was performed as described by 
Bradford (1976) using a protein assay kit (BioRad). 10p.l total protein extract for each 
seedling batch was added to imi dye reagent and the optical density measured at 595nm 
against a blank containing lOj.tl aequorin reconstitution buffer. Standards were prepared 
using bovine serum albumin (Sigma). 
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2.15.3 In vitro aequorin reconstitution and discharge 
25pg total protein in aequorin reconstitution buffer from each group of seedlings was 
incubated for 4 hours in 1pM coelenterazine in 55 x 12mm chemiluminometer tubes. 
The amount of functional aequorin was then determined by discharging aequorin in 
each extract with 0.5m1 100mM CaC12 injected into the sample housing of the 
chemiluminometer and measuring total luminescence over a 10 second period. 
2.16 Western Blotting and Immunodetection 
2.16.1 Protein gels 
Electrophoresis was carried out on SDS-polyacylamide gels containing 12% 
acrylamide, 0.32% bisacrylamide, 0.75M Tris pH8.9, 0.1% SDS, 0.1% ammonium 
persulphate, 0.1% (v / v) TEMED with a 5% acrylamide, 0.13% bisacrylamide, 
62.5mM Tris pH 6.8, 0.1% SDS, 0.1% ammonium persulphate, 0.1% (v / v) TEMED 
stacking gel (Laemmli, 1970). 
Total protein samples (extracted and quantified as described in sections 2.15.1 and 
2.15.2 respectively) were diluted in SDS loading buffer, boiled for 3 minutes prior to 
loading and run against 1 .5.tl rainbow coloured protein molecular weight markers 
(Amersham International plc, Buckinghamshire, U.K.). Gels were run vertically in 
SDS running buffer at 60V in Biogel mini electrophoresis units (Biotech Instruments 
Ltd, Bedfordshire, U.K.) for approximately 1.5 hours. 
2.16.2 Blotting onto nitrocellulose 
Proteins were transferred onto Hybond-ECL nitrocellulose membrane (Amersham Life 
Science) under transfer buffer (30mM Tris, 192mM Glycine, 10% (v / v) MeOH) at 
120V for one hour using a TE series Transphor Electrophoresis unit (Hoefer Scientific 
Instruments, San Francisco, U.S.A.). 
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2.16.3 Immunodetection 
Non-specific binding sites on nitrocellulose membranes were first blocked by 
incubating the membrane overnight in 300m1 5% Marvel non-fat milk powder in TBS-T 
(10mM Iris pH7.5, 350mM NaCl, 0.2% (v / v) Tween 20) at room temperature. The 
membranes were then briefly rinsed in 300m1 TBS-T, washed once for 15 minutes and 
twice for 5 minutes with fresh changes of TBS-T at room temperature before being 
immersed in a 1:1000 dilution of the primary polyclonal antibody (mouse anti-aequorin 
antisera), and incubated at room temperature with gentle rocking (25rpm) for 1 hour. 
The membranes were then washed as before and incubated for a further hour in TBS-T 
to remove any remaining unbound primary antibody. Membranes were then incubated 
in a 1:5000 dilution of HRP labelled secondary antibody (sheep anti-mouse antisera) 
(Amersham International plc) for 1 hour at room temperature and excess unbound 
antibody removed by washing as before. 
Detection was performed using an ECL detection kit (Amersham International plc) 
according to the manufacturer's instructions and the membranes were exposed to 
preflashed ECL Hyperfilm (Amersham Life Science) overnight. 
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Chapter 3 
A Role for Calcium in Endogenous Circadian 
Rhythmicity in Plants? 
3.1 Introduction 
Over recent years a growing body of evidence has suggested that changes in [Ca 2 ] t  
play a key role in the regulation of circadian rhythmicity; representing either a 
component of the molecular clock mechanism itself, or at least an integral part of the 
photic entrainment pathway (section 1.3). In plants, this hypothesis has gained strong 
support from a recent study describing robust, free-running circadian oscillations in 
[Ca2 ] t in N. plumbaginfo1ia and A. thaliana which could be entrained to different 
light/dark (L D) cycles (Johnson et al., 1995). It seems likely that such oscillations 
occur as a result of oscillations in intracellular Ca 2 compartmentation and/or 
oscillations in influx of extracellular Ca2 across the plasma membrane (Lakin-Thomas, 
1985; Kippert, 1987; Lonergan, 1990; Berridge, 1990), however the mechanism(s) by 
which Ca2 channel activity may be modulated to bring about such sustained rhythmic 
changes in [Ca2 ] is not yet understood. 
Recent investigations concerning the manner in which higher frequency oscillations in 
[Ca2 ] are generated by hormones in animal cells have implicated G-proteins, 
phosphoinositide turnover, CaM, reversible protein phosphorylation and Ca 2 itself in 
the generation and maintenance of sustained oscillatory behaviour (Somogyi and 
Stucki, 1991; Phillippe, 1994; Petersen and Berridge, 1994). Since antagonists of most 
of these putative regulatory components have been shown to induce phase-dependent 
changes in a variety of overt circadian phenomena, including leaflet movement rhythms 
in plants, the conidiation rhythm of N. crassa, and the firing rate rhythm of 
suprachiasmatic nucleus (SCN) neurons in rat hypothalamic slices (Shibata et al., 1984; 
Nakashima, 1986; Shibata and Moore, 1987; Techel et al., 1990; Kim et al., 1996), it 
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is conceivable that they may also be involved in the modulation of Ca 2 transport to 
produce circadian oscillations in [Ca 2 ]. 
It is the aim of this chapter therefore, to investigate the sources of Ca 2 mobilised into 
the cytosol on a circadian basis, the putative role of regulatory components such as 
phosphoinositide turnover, G-proteins, CaM and phosphorylation/dephosphorylation 
reactions in the maintenance of [Ca 2 ] t oscillations and finally, to determine whether 
these reactions may constitute components of the molecular clock mechanism or photic 
entrainment pathway in N. p1umbaginfolia. The techniques adopted in this chapter are 
therefore concerned with the manipulation of the [Ca 2+]-dependent aequorin 
luminescence rhythm in free-running conditions with antagonists / inhibitors of putative 
regulators of Ca 2 transport. 
Additionally, since the line of transgenic N. p1umbaginfo1ia (MAQ 2.4) employed in 
this study is thought to express apoaequorin in all cell types (Knight et al., 1991), the 
cellular origin of these oscillations is unclear. The potential consequences of this 
rhythmic change in [Ca 2+] Cyt  for various cellular and physiological processes in plants 
is therefore discussed. 
3.2 Results 
3.2.1 	Circadian 	oscillations 	in 	[Ca 2 ] t -dependent 	aequorin 
luminescence in transgenic N. plumbaginifolia 
Transgenic N. plumbaginfolia (MAQ 2.4) and wild type seedlings were germinated 
and grown for 10 days in a 16/8 L D regime as described in section 2.2.1. Following in 
vivo reconstitution of functional aequorin (section 2.3.1), individual samples of 10 
seedlings were transferred to constant light (LL) at the subjective dawn (CT 0) and 
[Ca2 ]cyrdependent aequorin luminescence measured over 6 days (section 2.3.3). The 
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Figure 3.1: [Ca2 ]-dependent aequorin luminescence of 10 day old transgenic and 
wild-type N. plumbaginifolia seedlings in constant light (LL). 
a) MAQ 2.4 seedlings pre-incubated with lOjtM coelenterazine, b) MAQ 2.4 seedlings, 














Robust, free-running circadian oscillations of [Ca 2 ] t-dependent aequorin 
luminescence were observed in MAQ 2.4 seedlings containing fully reconstituted 
aequorin (Figure 3.1a), consistent with results previously described by Johnson et al. 
(1995). Luminescence was not detected in either transgenic seedlings that had not 
previously been incubated with coelenterazine (ie contained only apoaequorin) or non-
transgenic wild type seedlings incubated with coelenterazine (Figures 3. lb and c 
respectively). The luminescence peak in reconstituted MAQ 2.4 seedlings occurred 
approximately 6-8 hours after the subjective dawn and recurred at circadian intervals 
with a free-running period of approximately 25 hours. Using the ratio of total aequorin 
consumed to Lumm (section 2.4.2), the peaks observed here were estimated to 
represent [Ca 2 ] t values of between 800-95OnM, and the troughs between 350-
500nM. In MAQ 2.4 seedlings containing fully reconstituted aequorin there was a 
gradual increase in overall luminescence with time, which has previously been 
suggested to arise due to seedling growth and continued apoaequorin synthesis 
(Johnson et al., 1995). There was also some variation between repetitions of 
experiments in terms of the light levels emitted, however this did not represent any 
significant differences in estimated [Ca 2+] cyt between experiments and there was no 
significant variation in phase or period length. 
In contrast to the afore-mentioned study by Johnson et al. (1995), circadian oscillations 
in [Ca2 ]-dependent aequorin luminescence were also observed upon transfer of 
seedlings to constant darkness (DD), albeit at a much reduced amplitude, as illustrated 
in Figure 3.2. When illumination was resumed at 192 hours there was a dramatic 
increase in luminescence, peaking 3 hours after lights on and taking a further 6 hours to 
return to pre-illumination levels. Rhythmicity was subsequently resumed with no 
change in period but with a phase delay of around 12 hours. 
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Figure 3.2: [Ca2 ] t-dependent aequorin luminescence of 10 day old transgenic N. 
plumbaginfo1ia (MAQ 2.4) in constant light (LL) and constant darkness (DD). 
Seedlings were germinated and grown as before (section 2.2.1). Following in vivo 
reconstitution of functional aequorin (section 2.3.1), individual samples of 10 seedlings 
were transferred to LL at the subjective dawn (CT 0). At 116 hours they were 
transferred to DD (at the first arrow) and maintained under these conditions for 3 days 
before constant LL was resumed at 192 hours (at the second arrow). 
3.2.2 Experimentally-induced elevations of [Ca 2 ] cyt 
Before any further results are presented it should be noted that many of the treatments 
(administered as described in section 2.6. 1) employed in this study induced immediate 
elevations of [Ca2 ] t-dependent aequorin luminescence upon addition to seedlings. In 
each case this effect could be attributed to the drugs rather than the manner in which the 
treatment was administered or washed out by virtue of the fact that the effect was not 
reproduced by control additions of solvents or de-ionised H20. However, since many 
of these increases were very large, as illustrated in Figure 3.3, they have been omitted 
from the relevant figures so as not to mask the effects of each drug on subsequent 
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Figure 3.3: Experimentally-induced elevation of [Ca 2 ]-dependent aequorin 
luminescence. 
Addition of 1mM LaC13 at CT 18, indicated by the arrow, induced an immediate 10 fold 
increase in luminescence, returning to pre-treatment levels after 7 hours. Since this 
increase was so large, the pattern of rhythmicity was not clear either before or after the 
drug pulse. Data taken from Figure 3.5(f). 
3.2.3 A role for influx of extracellular Ca 2 in the maintenance of 
circadian oscillations in [Ca 2 ] t ? 
To investigate whether an influx of extracellular Ca 2 is required for maintenance of 
oscillations in [Ca2 ] t-dependent aequorin luminescence two approaches were taken, 
firstly reduction of extracellular Ca 2 concentration with the Ca 2 chelator EGTA and 
secondly inhibition of Ca2 influx with the plasma membrane Ca 2 channel blockers 
LaC13 and verapamil. Figures 3.4 and 3.5 show the effects of 6 hour pulses of 1mM 
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Figure 3.4: The effect of 1mM EGTA on the free-running rhythm of [Ca 2 ]- 
dependent aequorin luminescence in 10 day old MAQ 2.4 seedlings maintained in LL. 6 
hour pulses of EGTA were applied at 4 CT points as indicated by the arrows. Panel (a) 
represents a no treatment control and Panel (d) a representative control consisting of a 6 
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Figure 3.5: The effect of 1mM LaC13 on the free-running rhythm of [Ca 2 ]t- 
dependent aequorin luminescence in 10 day old MAQ 2.4 seedlings maintained in LL. 6 
hour pulses of LaC13 were applied at 4 CT points as indicated by the arrows. Panel (a) 
represents a no treatment control and Panel (d) a representative control consisting of a 6 
hour pulse of H20 at the arrow (CT 18). 
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Immediate increases in luminescence (between 1.5 and 3 fold) were observed following 
the addition of EGTA at all circadian time points and persisted for between 6 to 9 hours. 
At all circadian time points tested this initial response was followed by dramatic 
damping out of rhythmicity. 
Large increases in luminescence were also observed immediately after addition of 1mM 
LaC13 at all circadian time points, returning to pre-treatment levels after 5-7 hours. This 
was particularly acute at CT 18, where the increase in luminescence was almost 10 fold. 
No further rhythmicity was observed after the drug was washed out, regardless of the 
phase of application. 
With both EGTA and LaC13 all observed effects could be attributed to the effect of the 
drugs rather than the manner in which the treatment was administered or washed out by 
virtue of the fact that additions of 10111 de-ionised H20 at each circadian timepoint had 
no effect on the oscillations. Representative controls (CT 18) are shown in Figure 
3.4(d) and 3.5(d). Furthermore, homogenization of samples at the end of each of these 
experiments and subsequent discharge of aequorin activity with 100mM CaC12 
confirmed the presence of significant levels of active aequorin remaining in the tissues, 
with samples giving, on average, 1.6x 106  counts per second for EGTA-treated 
seedlings and 1. lx 106  counts per second for LaC13-treated seedlings. These levels were 
of the same order of magnitude as those discharged from seedlings immediately after 
aequorin reconstitution confirming that damping or abolition of oscillatory behaviour in 
each case was not due to a lack of aequorin remaining in the tissues. 
Viability staining of randomly selected samples (section 2.6.3) also confirmed that 
seedlings were still alive following treatment with EGTA or LaC13. 
Figure 3.6 shows the effect of 6 hour pulses of lOOliM verapamil, applied at 4 different 
circadian times on the rhythm of [Ca 2 ]-dependent aequorin luminescence. 
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Figure 3.6: The effect of 100pM verapamil on the free-running rhythm of [Ca 2 ]-
dependent aequorin luminescence in 10 day old MAQ 2.4 seedlings maintained in LL. 6 
hour pulses of verapamil were applied at 4 CT points as indicated by the arrows. Panel 
(a) represents a no treatment control and Panel (d) a representative control consisting of 
a 6 hour pulse of 0.1% EtOH at the arrow (CT 18). Some results were lost due to 
temporary power failure, although the light intensity was not affected. 
Following 6 hour pulses of verapamil at CT 0, 6 and 12 the oscillations persisted with 
apparent phase delays of 5, 12-15 and 15 hours respectively, compared to controls. Al 
CT 6 there also appeared to be an increase in period length from 25 hours to 28 hours. 
These results should be interpreted with caution however since, due to a power failure, 
no comparison can be made with the phase of the rhythm prior to the application of 
verapamil. Following treatment at CT 18, rhythmicity was rapidly damped out. It is 
conceivable that this damping effect may be attributable to EtOH (in which verapamil 
was dissolved) since 6 hour pulses of 0.1% EtOH exerted a similar effect on 
rhythmicity at each circadian time point. A representative example is shown in Figure 
3.6(d). 
3.2.4 A role for intracellular Ca 2 stores? 
To investigate whether release or uptake of Ca 2 by intracellular stores is required for 
the maintenance of oscillations in [Ca 2 ] t , seedlings were given 6 hour pulses of the 
intracellular Ca 2 antagonist TMB-8, an inhibitor of 1P3-induced Ca 2 transport from 
the vacuole (Schumaker and Sze, 1987), or the ER Ca 2 -ATPase inhibitor thapsigargin. 
Figures 3.7 and 3.8 show the effects of 6 hour pulses of TIMIB-8 and thapsigargin 
respectively, applied at 4 different circadian time-points, on the oscillations. 
Following 6 hour pulses of 200 j.tM TMB-8 administered at CT 12 and 18 (Figure 3.7), 
the [Ca2 ]-dependent aequorin luminescence rhythm was rapidly damped out. It is 
likely that this damping was induced by the addition of TMB-8 rather than 0.1% DMSO 
(in which TMIB-8 was dissolved) since, on average, seedlings exposed to control 
additions of 0.1% DMSO only exhibited damping 48 hours after treatment, as 
illustrated in Figure 3.7(b). 
Six hour pulses of the ER Ca 2 -ATPase inhibitor thapsigargin (Figure 3.8) induced 
immediate 1.5-2 fold increases in luminescence at all circadian time points tested, 
returning to pre-treatment levels after 2-7 hours. In each case rhythmicity was 
subsequently resumed but was again rapidly damped out. The almost immediate 
damping observed following addition of thapsigargin at CT 12 is likely to have been 
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induced by the drug rather than 0.1% DMSO (in which thapsigargin was dissolved), 
since seedlings exposed to control additions of 0.1% DMSO only exhibited damping on 
average 48 hours after treatment. In contrast damping observed following treatment at 
CT 0, 6 and 18 was similar to that exhibited upon control additions of 0.1% DMSO, a 
representative example of which is shown in Figure 3.8(d). 
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Figure 3.7: The effect of 200pM TIv[B-8 on the free-running rhythm of [Ca 2 ]-
dependent aequorin luminescence in 10 day old MAQ 2.4 seedlings maintained in LL. 6 
hour pulses of TIvIIB-8 were applied at 4 CT points as indicated by the arrows. Panel (a) 
represents a no treatment control and Panel (b) a representative control consisting of a 6 
hour pulse of 0.1% DMSO applied at the arrow (CT 18). 
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Figure 3.8: The effect of lOOnM thapsigargin on the free-running rhythm of 
[Ca2 ']-dependent aequorin luminescence in 10 day old MAQ 2.4 seedlings 
maintained in LL. 6 hour pulses of thapsigargin were applied at 4 CT points as 
indicated by the arrows. Panel (a) represents a no treatment control and Panel (d) a 
representative control consisting of a 6 hour pulse of 0.1% DMSO applied at the arrow 
(CT 18). 
3.2.5 A role for phosphoinosi tide metabolism and PLC in the circadian 
control of [Ca2]t-dependent  aequorin luminescence? 
To establish whether phospholipase C and phosphoinositide turnover play a role in the 
circadian control of [Ca2 ]-dependent aequorin luminescence, seedlings were 
exposed to 6 hour pulses of lithium chloride (LiCI), which inhibits phosphoinositide 
turnover by its inhibition of myo-inositol-l-phosphatase (Loewus and Loewus, 1982), 
or to neomycin sulphate, which is known to inhibit phosphoinositide-specific PLC 
activity and the metabolism of inositol phospholipids, including the production of 1P3 
(Chen and Boss, 1991; Legendre et al., 1993). As a result neomycin sulphate also 
inhibits 1P3-induced Ca2 release (11CR) from intracellular stores (Franklin-Tong et al., 
1996). 
Figure 3.9 shows the effect of 6 hour pulses of 50j.tM LiC1 applied at 4 different 
circadian times, on [Ca 2 ]-dependent aequorin luminescence. 
A 1.5 fold increase in luminescence was observed upon addition of LiC1 at CT 0, 
returning to pre-treatment levels after approximately 5 hours. No drug-induced 
elevations of [Ca 2 '] t-dependent aequorin luminescence were observed upon addition 
of LiC1 at any other circadian time point. Rhythmicity persisted following each drug 
pulse, although with reduced amplitude. Treatment at CT 6 also induced a phase-delay 
of approximately 6 hours compared to controls, and at CT 0, 12 and 18 phase-advances 
of 12, 5 and 6 hours respectively. 
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Figure 3.9: The effect of 50j.tM LiC1 on the free-running rhythm of 
dependent aequorin luminescence in 10 day old MAQ 2.4 seedlings maintained in LL. 6 
hour pulses of LiC1 were applied at 4 CT points as indicated by the arrows. Panel (a) 
represents a no treatment control and Panel (d) a representative control consisting of a 6 
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Figure 3. 10 shows the effect of 6 hour pulses of 50jiM neomycin sulphate, applied at 4 
different circadian time points, on [Ca 2 ]-dependent aequorin luminescence. 
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Figure 3.10: The effect of 50pM neomycin sulphate on the free-running rhythm of 
[Ca2 ]-dependent aequorin luminescence in 10 day old MAQ 2.4 seedlings 
maintained in LL. 6 hour pulses of neomycin sulphate were applied at 4 CT points as 
indicated by the arrows. Panel (a) represents a no treatment control and Panel (d) a 
representative control consisting of a 6 hour pulse of H 20 at the arrow (CT 18). 
Approximately 2-3 fold increases in luminescence were observed following the addition 
of neomycin sulphate at all circadian time points, lasting between 4-8 hours. 
Rhythmicity was subsequently resumed in each case, although with reduced amplitude 
following treatment at CT 0, 12 and 18. Rhythmicity following treatment at CT 12 and 
18 was also somewhat erratic. 
With both LiC1 and neomycin sulphate all results could be attributed to the effect of the 
drugs as opposed to any disturbance caused by adding or washing out since additions 
of lOpJ de-ionised H20 at each circadian timepoint had no effect on the oscillations. 
Representative controls (CT 18) are shown in Figure 3.9(d) and 3.10(d). 
3.2.6 Involvement of G-proteins? 
To establish whether coupling G-proteins play a role in the circadian control of 
[Ca2 ] t-dependent aequorin luminescence, seedlings were exposed to 6 hour pulses 
of suramin. This drug is thought to inhibit activation of G-proteins by blocking their 
interaction with intracellular domains (Nakajima et al., 1991). Figure 3.11 shows the 
effect of 6 hour pulses of lOOp,M suramin on the oscillations, when applied at 4 
different circadian time points. 
Following the addition of suramin at CT 0 and 6 approximately 1.5-2 fold increases in 
luminescence were observed, taking 5-7 hours to return to pre-treatment levels. No 
drug-induced elevations of [Ca 2 ]-dependent aequorin luminescence were observed 
upon addition of suraniin at CT 12 or 18. Rhythmicity persisted following each drug 
pulse, although with reduced amplitude. Following treatment at CT 0 and 18 
rhythmicity also appeared to become somewhat erratic, whereas treatment at CT 6 and 
12 advanced the phase of the rhythm by approximately 5 and 3 hours respectively. All 
results could be attributed to the effect of the drug as opposed to any disturbance caused 
by adding or washing out since additions of lOpi de-ionised H20 at each circadian 
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Figure 3.11: The effect of lOOp.M suramin on the free-running rhythm of [Ca 2 ]- 
dependent aequorin luminescence in 10 day old MAQ 2.4 seedlings maintained in LL. 6 
hour pulses of suramin were applied at 4 CT points as indicated by the arrows. Panel 
(a) represents a no treatment control and Panel (d) a representative control consisting of 
a 6 hour pulse of H20 at the arrow (CT 18). 
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3.2.7 Effect of calmodulin antagonists 
Six hour pulses of the CaM antagonists calmidazolium chloride (R24571) and N-(6-
aminohexyl)-5-chloro- 1 -naphthalenesulfonamide hydrochloride (W-7) were applied to 
seedlings in this study to determine whether CaM is involved in the circadian control of 
[Ca2 ]-dependent aequorin luminescence. Figures 3.12 and 3.13 show the effects of 
6 hour pulses of R24571 and W-7 respectively, applied at 4 circadian time points, on 
the oscillations. 
Addition of R24571 resulted in rapid damping out of the luminescence rhythm at all 
circadian time points tested and was particularly acute following treatment at CT 18 
whereupon rhythmicity was completely abolished. At CT 0 and 6 damping appeared to 
be accompanied by phase-delays of 5 and 4 hours respectively, compared to controls. 
These results should be interpreted with caution since, due to a power failure, no 
comparison could be made with the phase of the rhythm prior to the application of 
R2457 1. Damping out of rhythmicity was preceded by an immediate increase in 
luminescence upon treatment at CT 12, returning to pre-treatment levels approximately 
7 hours later. All results can be attributed to the effects of the drug rather than 0.1 % 
EtOH (in which R24571 was dissolved), or by the way treatments were administered or 
washed out, since no such phase-dependent effects on rhythmicity were observed 
following control additions of 0.1% EtOH. Damping was observed following control 
additions of 0.1% EtOH at all circadian time points tested however, although this effect 
was far less dramatic than that observed upon addition of R24571. A representative 
example is shown in Figure 3.12(d). 
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Figure 3.12: The effect of 200i.tM R2457 1 on the free-running rhythm of [Ca2 ]-
dependent aequorin luminescence in 10 day old MAQ 2.4 seedlings maintained in LL. 6 
hour pulses of R24571 were applied at 4 CT points as indicated by the arrows. Panel 
(a) represents a no treatment control and Panel (d) a representative control consisting of 
a 6 hour pulse of 0.1% EtOH applied at the arrow (CT 18). Some results were lost due 
to temporary power failure, although light intensity was not affected. 
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Figure 3.13: The effect of 200pM W-7 on the free-running rhythm of [Ca 2 ]-
dependent aequorin luminescence in 10 day old MAQ 2.4 seedlings maintained in LL. 6 
hour pulses of W-7 were applied at 4 CT points as indicated by the arrows. Panel (a) 
represents a no treatment control and Panel (d) a representative control consisting of a 6 
hour pulse of H20 at the arrow. 
Six hour pulses of W-7 induced immediate increases in luminescence at all circadian 
time points tested. The effect was particularly acute following treatment at CT 0 and 6 
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where between 3-4 fold increases were observed, taking 15 hours to return to pre-
treatment levels. At CT 0 rhythmicity was subsequently resumed but with a phase-delay 
of approximately 3 hours. At all other circadian time points however the rhythm was 
rapidly damped out with no apparent phase or period changes. All results could be 
attributed to the effect of the drug as opposed to any disturbance caused by adding or 
washing out since additions of lOj.ii de-ionised H20 at each circadian time point had no 
effect on rhythmicity, a representative control of which is shown in Figure 3.13(d). 
3.2.8 A role for protein phosphorylation I dephosphorylation 
To investigate whether protein phosphorylation reactions (catalysed by protein kinase 
C) are involved in the circadian control of [Ca 2 ]-dependent aequorin luminescence, 
6 hour pulses of 100iM phioretin, an inhibitor of protein kinase C (PKC), were 
applied to seedlings at 4 circadian time-points. The results are shown in Figure 3.14. 
Following 6 hour pulses of phioretin applied at CT 0 and 6 the oscillations persisted for 
the remainder of the experiment, and at CT 6 were apparently associated with a phase-
delay of approximately 10 hours, compared to controls. This interpretation should be 
viewed with caution however since, due to a power failure, no comparison can be made 
with the phase of the rhythm prior to the application of phioretin. In contrast, treatment 
at CT 12 and 18 resulted in the rapid damping out of rhythmicity, which at CT 12 was 
preceded by an immediate 5 fold increase in luminescence, taking 10 hours to return to 
pre-treatment levels. These results can be attributed to the effects of the drug rather than 
0.1% EtOH (in which phioretin was dissolved), or by the way treatments were 
administered or washed out, since no such phase-dependent effects on rhythmicity were 
observed following control additions of 0.1% EtOH, a representative example of which 
is shown in Figure 3.14(d). Some damping was observed however, following control 
additions of 0.1% EtOH at all circadian time points tested, and was similar to that 
exhibited upon observed addition of phioretin at CT 18. In contrast the almost 
immediate damping observed following addition of phioretin at CT 12 was far more 
dramatic than that observed following control additions of 0.1% EtOH. 
Homogenization of samples treated at CT 12 and 18 at the end of the experiment 
(section 2.4.2) again confirmed the presence of significant levels of active aequorin 
remaining in the tissues (4.3 x 10 6 and 1.28 x 106  counts per second respectively) 
indicating that the loss of rhythmicity observed following treatment at these time-points 
was not due to a lack of active aequorin remaining in the tissues. 
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Figure 3.14: The effect of 100iM phloretin on the free-running rhythm of [Ca 2 ]-
dependent aequorin luminescence in 10 day old MAQ 2.4 seedlings maintained in LL. 6 
hour pulses of phioretin were applied at 4 CT points as indicated by the arrows. Panel 
(a) represents a no treatment control and Panel (d) a representative control consisting of 
a 6 hour pulse of 0.1% EtOH applied at the arrow (CT 18). Some results were lost due 
to temporary power failure, although light intensity was not affected. 
To investigate whether protein dephosphorylation events are involved in the circadian 
control of [Ca2 ]-dependent aequorin luminescence, 6 hour pulses of okadaic acid, a 
potent inhibitor of serine/threonine protein phosphatases PP  and PP2A and, to a lesser 
extent, PP2B (Hardie, 1993), were applied to seedlings at different circadian time 
points. The results are shown in Figure 3.15. 
Application of okadaic acid induced damping out of rhythmicity 2 cycles after treatment 
at all circadian time points tested. It seems likely that this is an effect of 0.1% DMSO (in 
which the drug was dissolved) since identical pulses of 0.1% DMSO exerted the same 
effect, an example of which is illustrated in Figure 3.15 (c). Following application of 
okadaic acid to seedlings at both CT 12 and 18 the phase of the luminescence rhythm 
was also delayed by approximately 3 hours. These phase-shifts could be attributed to 
the drug rather than DMSO or the manner in which the treatment was administered or 
washed out as identical pulses of 0.1% DMSO did not induce any such changes. 
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Figure 3.15: The effect of lj.IM okadaic acid on the free-running rhythm of 
[Ca2 ]-dependent aequorin luminescence in 10 day old MAQ 2.4 seedlings 
maintained in LL. 6 hour pulses of okadaic acid were applied at 3 CT points as 
indicated by the arrows. Panel (a) represents a no treatment control and Panel (c) a 
representative control consisting of a 6 hour pulse of 0.1% DMSO applied at the arrow 
(CT 18). 
3.2.9 Discussion 
Oscillations in [Ca2 ]-dependent aequorin luminescence in transgenic N. 
p1umbaginfo1ia, originally described by Johnson et al. (1995), were shown in this 
study to persist in both LL and DD, although the rhythm was more robust and oscillated 
with a greater amplitude in LL than DD. This damping effect in DD has been observed 
in many other circadian phenomena and may indicate that the sensitivity of the circadian 
pacemaker photoreceptive pathway(s) is modulated by changing light intensity 
(Johnson, 1994). Alternatively, it may simply be due to the rapid depletion of reserve 
nutrients in the absence of photosynthesis in DD. By returning the seedlings to LL the 
oscillations regained their former amplitude and strength. The immediate increase in the 
luminescence of these seedlings observed upon a return to LL indicates that, in addition 
to entrainment by daily changes in light intensity, this rhythm is also directly affected by 
light; an effect which was not observed in the afore mentioned report. Such exogenous 
light effects have been reported in a number of other circadian rhythmicities however, 
and are thought to involve different photoreceptors to those concerned with entrainment 
(Truman, 1971). It is thought that these effects serve to modify endogenous 
rhythmicity; indeed, in this case, the phase of the rhythm was delayed by approximately 
12 hours. 
This study has also given some insight into the ways in which oscillatory changes in 
[Ca2+] Cyt  may be regulated. The dramatic damping and abolition of [Ca 2 ] Cyt 
oscillations observed following pulses of EGTA and LaC13 respectively, regardless of 
the phase of application, suggest that sustained oscillation of [Ca 2+] cyt may depend in 
part upon the influx of extracellular Ca 2 across the plasma membrane. Since LaC13 is 
generally thought to be impermeant to cells (Das et al., 1988), and has been shown to 
irreversibly block plasma membrane Ca 2 channels in plants (Moysset et al., 1994) and 
to inhibit capacitative Ca 2 entry across the plasma membrane (Petersen and Berridge, 
1994), the total abolition of rhythmicity induced by this drug at all circadian time points 
tested, may reflect a role for Ca 2 influx in the maintenance of rhythmicity throughout 
the entire cycle. There is however, some evidence to suggest that LaC13 can enter plant 
cells (Quiquampoix et al., 1990; Moysset et al., 1994), and in light of the recent 
identification of La3 -sensitive voltage-dependent Ca 2 -release channels in 2 major 
storage compartments of intracellular Ca 2 in plants, the vacuole and ER (Gelli and 
Blumwald, 1993; Klüsener et al., 1995), an inhibitory effect of La 3 on Ca2 release 
from intracellular stores cannot be discounted. 
Although these results suggest that influx of external (and possibly intracellular) Ca 2 is 
necessary for the maintenance of rhythmicity, they do not necessarily imply a role for 
extracellular Ca2 influx in the endogenous timing mechanism; it may be that blocking 
Ca2 influx only affects the overt rhythm. Phase-shifts induced by verapamil at CT 0, 6 
and 12 however, do suggest that this drug interferes with a component of the molecular 
clock mechanism, namely the influx of extracellular Ca 2 across voltage-sensitive Ca 2 
channels in the plasma membrane, throughout the subjective day. However, this 
interpretation should also be treated with caution as verapamil is known to affect both 
Ca2 and K transport across the plasma membrane (Thomine et al., 1994). In addition, 
patch-clamp studies have identified 2 types of vacuolar Ca 2 channels in the tonoplast 
of Beta vulgaris which are inhibited by micromolar concentrations of verapamil, one of 
which is 1P3-sensitive (Alexandre et al., 1990) and one which is 1P3-insensitive (Geffi 
and Blumwald, 1993). 
Data presented here suggest that the release and uptake of Ca 2 by intracellular Ca 2 
pools may also play a role in the maintenance of sustained [Ca 2+]Cyt  oscillations, since 
additions of the intracellular Ca 2 antagonist TMB-8 and the intracellular Ca2 -ATPase 
inhibitor thapsigargin rapidly damped out oscillations in [Ca 2 ]-dependent aequorin 
luminescence during the late subjective day and night. The involvement of intracellular 
Ca2 stores in the regulation of circadian phenomena in plants has previously been 
demonstrated in a study concerning the circadian regulation of leaflet movements in 
Albizzia lophantha (Moysset and Simon, 1989), in which the authors reported a 
requirement for 1P3-mediated Ca 2 -release from the vacuole for rhythmic nyctinastic 
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leaflet closure. However, although in this study the results suggest the involvement of 
intracellular Ca2 stores in maintenance of rhythmicity, they do not necessarily imply 
that intracellular Ca 2 -transport is involved in the endogenous timing mechanism, since 
neither the phase or the period of [Ca 2+] Cyt  oscillations were affected by exposure to 
TIVIIB-8 or thapsigargin. 
Since Th'IB-8 has been shown to block 1P3-induced Ca 2 release from the vacuole 
(Schumaker and Sze, 1987), the results obtained with this drug also imply the 
involvement of phosphoinositide turnover, leading to the accumulation of 1P3. Indeed, 
the rapid damping of rhythmicity observed following addition of LiC1 and neomycin 
sulphate at each circadian time point tested is consistent with this hypothesis and 
suggest that PLC-stimulated phosphoinositide turnover may play a role in the 
maintenance of sustained [Ca 2+] Cyt oscillations throughout the entire cycle. 
Phosphoinositide turnover is known to modulate Ca 2 -transport via the generation of 
1P3, which mediates mobilisation of Ca2 from 1P3-sensitive Ca2 stores within the cell 
(section 1.1.2). In addition 1P3-mediated depletion of intracellular Ca 2 stores activates 
capacitative Ca 2 entry across the plasma membrane (Petersen and Berridge, 1994). 1P4 
has also been implicated in the activation of capacitative entry, facilitating the refilling of 
1P3-sensitive intracellular stores (Irvine and Moor, 1987). Since additions of LiC1 
shifted the phase of the [Ca2h]cytdependent  aequorin luminescence rhythm at all 
circadian time points tested, the results further suggest that phosphoinositide turnover 
may represent an integral component of either the molecular clock mechanism or the 
photic entrainment pathway. A number of studies have indicated a central role for PLC-
stimulated phosphoinositide turnover in the circadian regulation of rhythmic phenomena 
in plants. For example it has been demonstrated that phosphoinositide turnover, and 
subsequent accumulation of 1P3, represent key components of the photo-transduction 
pathway mediating K channel activity and consequently circadian leaflet movements in 
Samanea saman (Kim et al., 1996). 1P3 has also been implicated in white light-induced 
phase-resetting of this leaflet movement rhythm (Morse et al., 1987; Morse et al., 
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1990). Reports such as these have led to speculation that PLC-stimulated 
phosphoinositide turnover is most likely a component of the photic entrainment 
pathway. The apparent randomization of rhythmicity induced by neomycin sulphate at 
CT 12 and 18 would be consistent with this hypothesis, as it suggests that temporarily 
inhibiting PLC-stimulated phosphoinositide turnover at this time uncouples the 
[Ca2 ]-dependent aequorin luminescence rhythm from the clock. 
Phase-dependent sensitivity of the [Ca 2 ]-dependent aequorin luminescence rhythm 
to suramin presented here further suggest a role for coupling G-proteins in the circadian 
control of [Ca 2 ]. Studies concerning the mechanisms by which higher frequency 
oscillations are generated by hormones in animal cells have suggested that in addition to 
the activation of PLC-stimulated phosphoinositide turnover, leading to the generation of 
1P3 and subsequent mobilisation of Ca2 from 1P3-sensitive Ca 2 stores within the cell, 
G-proteins may also directly modulate capacitative Ca 2 -entry across the plasma 
membrane to bring about oscillatory changes in [Ca 2 ] (Bird and Putney, 1993; 
Petersen and Berridge, 1995). Since, in this study, additions of suramin advanced the 
phase of the [Ca2 ]-dependent aequorin luminescence rhythm during the mid-late 
subjective day (CT 6-12), the results suggest that G-protein mediated reactions, 
potentially those involved in the modulation of Ca 2 transport, may represent an integral 
component of either the molecular clock mechanism or the photic entrainment pathway. 
There is, as yet, no direct evidence that G-proteins are involved in the circadian clock in 
plants, although two recent reports have speculated that G-protein coupled 
phosphoinositide turnover may mediate K channel activity and consequently rhythmic 
leaflet movements in S. saman (Kim et al., 1996) and guard cell movements in V. faba 
(Assman, 1996). In view of the recent identification of a blue-light-activated G-protein 
in the plasma membrane of etiolated peas (Warpeha et al., 1991), together with reports 
of G-protein involvement in the phytochrome photo-transduction pathway (Neuhaus et 
al., 1993; Bowler et al., 1994), it is conceivable that G-protein mediated transduction of 
both red and blue light signals may play a role in the entrainment pathway. The apparent 
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loss of synchrony induced by suramin at CT 0 and 18 would be consistent with this 
hypothesis, and may suggest that during the subjective night (CT 18) through to the 
dawn (CT 0) temporarily inhibiting the G-protein function uncouples the [Ca 2 ]-
dependent aequorin luminescence rhythm from the clock. 
Since the CaM antagonists R2457 1 and W-7 rapidly damped the [Ca2 ]-dependent 
aequorin luminescence rhythm at all circadian time points tested, data presented here 
suggests that CaM-dependent reactions may also play a role in the maintenance of 
sustained [Ca2+] Cyt  oscillations, possibly via the modulation of Ca 2 transport. CaM is 
known to be a major mediator of Ca 2 function in cellular regulation (Cheung, 1980), 
and is known to modulate the activity of a variety of Ca 2 channels and pumps in a 
number of cell types, either directly by binding to the channel, or indirectly via CaM-
stimulated phosphoiylation (Onozuka et al., 1991), including Ca2 -trans1ocating 
ATPases in both the plasma membrane and the ER (Robinson et al., 1988; Chen et al., 
1993; Gilroy and Jones, 1993). A recent investigation using permeabilized fibroblasts 
has also suggested that CaM may be involved in the release of Ca 2 from 1P3-sensitive 
pools within the cell via the activation of a Ca 2 -CaM-dependent protein kinase (Zhang 
et al., 1993). Since additions of CaM antagonists delayed the phase of the [Ca 2 ] t -
dependent aequorin luminescence rhythm during the early-mid subjective day, the 
results further suggest that CaM-dependent reactions, potentially those involved in the 
modulation of Ca2 channel activities, may represent a component of the endogenous 
timing mechansim in plants. Although there is as yet no direct evidence for such a time 
keeping role for this Ca 2 -binding protein in the regulation of circadian rhythmicities in 
plants, circadian rhythmicity in mRNA levels of a CaM gene, MBCaM-1, has recently 
been observed in mung bean plants (Vigna radiata) grown in a 16/8 L D regime (Botella 
and Arteca, 1994). Furthermore, numerous studies, many of which employing CaM 
antagonists to manipulate endogenous rhythms, have indicated a time keeping role for 
CaM in the circadian regulation of the SCN neuron firing rate rhythm in rats (Shibata 
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and Moore, 1994) and in the conidiation rhythm of N. crassa (Nakashima, 1986; 
Techel et at., 1990). 
The reversible phosphorylation of proteins is a key regulatory mechanism in many 
cellular processes and numerous reports of circadian rhythmicity of the phosphorylation 
states of various proteins in a wide variety of unicellular and multicellular organisms 
(Schroder-Lorenz and Rensing, 1987; Nimmo et at., 1987; Lotshaw and Jacklet, 1987; 
Techel et al., 1990) have led to the suggestion that these reactions may play a 
timekeeping role in endogenous rhythmicities. Dephosphorylation events, catalyzed by 
the protein phosphatases PP1 and PP2A, and phosphorylation events, catalyzed by 
PKC are known to modulate ion conductances via the reversible phosphorylation of 
membrane channel proteins (Berridge, 1984) and are also thought to play an important 
role in the regulation of capacitative Ca 2 entry (Petersen and Berridge, 1994; Petersen 
and Berridge, 1995). Furthermore, it has been proposed that regulation of PLC activity 
by PKC and phosphatase-catalysed reactions constitute part of a feedback loop which 
may generate oscillations in 1P3 (Cobbold et al., 1988), which would, in turn have 
implications for Ca2 -release from 1P3-sensitive Ca 2 stores within the cell. 
In this study, phase-dependent changes in the sensitivity of the [Ca 2 ]-dependent 
aequorin luminescence rhythm to okadaic acid and phloretin suggest that 
phosphorylation and dephosphorylation reactions may be involved in the maintenance 
of sustained [Ca2 ] t oscillations, presumably via both direct and indirect regulation of 
Ca2 transport. Furthermore phase-delays induced by phloretin during the early 
subjective day (CT 6) and by okadaic acid during the late subjective day and night (CT 
12 and 18) suggest that these reactions may play a role in the endogenous timing 
mechanism at these times. It should be noted however, that since phloretin is also 
thought to inhibit inositol phosphate hydrolysis, some of the observed effects of this 
drug may be due to inhibition of phosphoinositide turnover, indeed both phioretin and 
LiCl delayed the phase of the rhythm at CT 6. 
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In view of the putative role of Ca 2 and CaM in the regulation of circadian rhythms and 
since the reversible phosphorylation of proteins is the primary mechanism by which 
both Ca2 and CaM affect biochemical processes inside the cell, it has been proposed 
that Ca2 and CaM may regulate clock progress via reversible protein phosphorylation 
reactions (Techel et al., 1990). Indeed, in study concerning the circadian conidiation 
rhythm of N. crassa, Techel et al. (1990) reported that rhythmicity in the 
phosphorylation states of certain N. crassa proteins was significantly affected by Ca 2 
and the CaM inhibitor TFP, treatments known to cause phase-shifts in the conidiation 
rhythm of this organism. An increase in phosphorylation was observed upon the 
addition of Ca2 , whereas a decrease occurred upon the addition of TFP. Furthermore, 
reports of a Ca2 -CaM-dependent protein kinase undergoing autophosphorylation have 
led to speculation that these reactions could act as molecular switches (Miller and 
Kennedy, 1986), potentially regulating circadian phenomena. Such Ca 2 -CaM-
dependent reactions will undoubtedly have important consequences for Ca 2 transport. 
One of the most striking observations to emerge from this study was that the majority of 
chemical treatments which perturbed the [Ca 2 ]dependent aequonn luminescence 
rhythm also induced immediate increases in luminescence upon addition. In some cases 
this effect was observed at all circadian time points tested, as with EGTA, LaC13, 
thapsigargin, neomycin sulphate and the CaM antagonist W-7, whereas in others this 
effect appeared to be phase-dependent, for example suramin induced transient increases 
upon application at CT 0 and 6, LiCl at CT 0, and R24571 and phloretin at CT 12. For 
some treatments, R2457 1, W-7, EGTA, LaC13 and thapsigargin for example, this 
phenomenon has been previously documented and is thought to occur due to the ability 
of these substances to induce the mobilization of Ca 2 from intracellular stores 
(Thastrup et al., 1990; Petersen and Berridge, 1994; Schiatterer and Schaloske, 1996;) 
and to activate capacitative Ca 2 entry across the plasma membrane (for review see 
Berridge, 1995). Since the level of phosphoinositides in the cytosol are also thought to 
regulate capacitative Ca 2 entry, it is possible that chemical inhibition of G-protein 
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coupled PLC-stimulated phosphoinositide turnover may also have had implications for 
these Ca2 currents. However, by whichever mechanism(s) these often dramatic 
elevations of [Ca 2 ] t (up to 10 fold and persisting for up to 15 hours) arose they 
would be expected, if oscillations in [Ca 2+] cyt represented an integral component of the 
molecular clock mechanism in plants, to exert quite dramatic changes in the phase or 
period of the [Ca2]-dependent  aequorin luminescence rhythm. The observation that 
only 3 out of a total of 25 drug-induced elevations were followed by phase shifts (LiC1 
at CT 0, suramin at CT 6 and W-7 at CT 0) therefore appears to be contradictory to a 
central time keeping role for [Ca 2 ]. 
Data presented here does not preclude however, the possibility that [Ca 2+] Cyt  
oscillations may represent part of the photic entrainment pathway. Indeed, Ca 2 has 
been implicated in phytochrome and blue-light activated input pathways (Shacklock et 
al., 1992; Neuhaus et al., 1993; Kim et al., 1996) both of which have been shown to 
mediate entrainment of the biological clock in plants (for review see Kay and Anderson 
1996). 
3.2.10 Implications of circadian changes in [Ca 2 ] t 
Since the line of transgenic N. plumbaginfolia (MAQ 2.4) employed in this study is 
thought to express apoaequorin in the vast majority of cell types (Knight et al., 1991), 
the cellular origin of oscillations in [Ca 2 ] was unclear. In an attempt to determine 
which cell types may be involved attempts were made, at various magnifications, to 
image [Ca2 ]-dependent aequorin luminescence in individual seedlings using a 
Berthold LB980 intensified tube camera. Unfortunately the light levels produced by 
individual seedlings proved too low to be detected with this system. 
In view of the enormous diversity of Ca 2 -regulated processes in cells it seems likely 
that these oscillations emanate from more than one cell type. Furthermore, whether they 
represent a component of the molecular clock mechanism, part of the photic entrainment 
pathway or simply an overt rhythm, oscillations in [Ca 2+] cyt within the range reported 
here will have numerous consequences for the regulation of many cellular processes 
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within plants, including those regulated by Ca2 I Ca2 -CaM-dependent protein 
phosphatases and kinases (Zhang et al., 1993; Fallon et al., 1993), growth and mitosis 
(Pierson et al., 1994; Hepler, 1994) and gene expression (Neuhaus et al., 1993; Beator 
and Kloppstech, 1994; Millar et al., 1995). It is conceivable therefore that rhythmic 
changes in [Ca2+] cyt might serve not only to synchronise the activity of particular cell 
types, but also to synchronize cellular activity in the entire plant. 
Finally, it is interesting to note that circadian oscillations in free [Ca 2 ] have also been 
observed in chloroplasts (Johnson et al., 1995), an observation which acquires 
significance in light of the fact that the majority of clock controlled genes (ccg) 
identified thus far encode proteins involved in photosynthesis, including chlorophyll a/b 
binding proteins. 
3.2.11 Summary 
Data presented here indicate that mobilisation of Ca 2 from both intracellular and 
extracellular Ca 2 sources contribute to rhythmic circadian changes in [Ca 2+] Cyt  in 
transgenic N. plumbaginfolia. The data further suggest that at least some of the Ca 2 
mobilised during these oscillations is released from 1P3-sensitive stores and that 1P3-
mediated Ca2 -release maybe regulated by G-protein coupled PLC-stimulated 
phosphoinositide turnover. Since a number of the putative regulatory components 
investigated here are known to regulate capacitative Ca 2 entry, and since rhythmicity 
could not be sustained following treatment with LaC13, the results may also indicate that 
capacitative Ca 2 entry is required to replenish 1P3-sensitive stores within the cell. In 
addition, this study suggests a role for CaM and protein phosphorylation / 
dephosphorylation events in the circadian regulation of [Ca 2+] Cyt  oscillations, again 
probably via the modulation of Ca2 transport. 
When these observations are considered together with the ability of Ca 2 to regulate its 
own capacitative influx (Berridge, 1995) and to regulate its own release from 1P3-
insensitive stores via CICR (Gilroy et al., 1990) or via Ca2 -dependent 
phosphorylation / dephosphorylation reactions (Zhang et al., 1993), it is conceivable 
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that such reactions might constitute components of a self-sustained oscillatory loop 
regulating Ca2 influx into the cytosol to produce the observed circadian oscillations 
Since only 3 out of 25 drug-induced elevations of [Ca 2+] Cyt  induced phase-dependent 
changes in the [Ca2 ]-dependent luminescence rhythm, the data suggest that 
oscillations in [Ca 2+] cyt do not constitute a component of the molecular clock 
mechanism(s) itself. The data do not preclude, however the possibility that other 
components putatively regulating Ca 2 transport may represent integral components of 
the clock mechanism(s) or that [Ca 2+] Cyt  oscillations, entrained by daily changes in light 
intensity via changes in G-protein coupled, PLC-stimulated phosphoinositide turnover, 
may play a role in the coupling or transducing steps connecting photoreception to the 
biological clock. Indeed, the phase-dependent randomization of the luminescence 
rhythm induced by suramin, lithium and neomycin sulphate in this study suggests that 
by temporarily inhibiting G-protein coupled phosphoinositide turnover, the overt 
rhythm is uncoupled from the clock. Since both G-proteins and PLC-stimulated 
phosphoinositide turnover have been implicated in the transduction of light signals 
(Warpeha et al., 1991; Neuhaus et al., 1993; Kim et al., 1996), these results may 
indicate the involvement of these components in photic entrainment. The observation 
that synchronous rhythmicity was not resumed following removal of any of these 
antagonists in LL further suggests that the clock is not able to regain control over the 
overt rhythm in the absence of environmental signals. Whether the clock could regain 
its control if the seedlings were returned to an L D cycle following removal of the 
antagonists was not tested; such a test would however help to clarify this putative role 
of G-protein coupled phosphoinositide turnover. 
3.2.12 Further work 
As discussed in section 3.2.10, it is likely that a number of cell types in N. 
plumbaginfolia seedlings contribute to the oscillations in [Ca 2+]cyt reported here. 
Strong potential candidates include those cells involved in the movement of leaves and 
stomata, since both pulvinar cells and guard cells exhibit rhythmic changes in turgor 
pressure, entrained by L D signals, which are known to be regulated by K flux across 
the plasma membrane and tonoplast through Ca 2 -gated K channels (Schroeder and 
Hagiwara, 1989; Ward and Schroeder, 1994; Schulz-Lessdorf and Hedrich, 1995). 
Over recent years the importance of Ca 2 in the circadian control of plant leaflet 
movements has become apparent from work on a number of different species (Moysset 
and Simon, 1989; Roblin etal., 1989; Moysset etal., 1994; Gomez and Simon, 1995), 
and while the regulatory apparatus is still far from understood in this circadian system, 
it is notable that the circadian regulation of turgor-mediated stomatal movements has not 
received the same attention. In view of the rapidly accumulating evidence that guard cell 
[Ca2 ] t  plays a key role in the regulation of stomatal movements in response to 
environmental stimuli (section 1.4.5), it is conceivable that changes in guard cell 
[Ca2+]Cyt  may also be integral to the endogenous control of circadian stomatal 
movements. Since the levels of oscillatory Ca 2 -dependent aequorin luminescence in 
MAQ 2.4 seedlings proved too low to be imaged in this study (section 3.2.10), an 
alternative approach is proposed to address the possibility that guard cells exhibit 
rhythmic changes in [Ca2 ]. A number of promoters have recently been identified in 
plants which direct expression predominantly in guard cells (e.g. Michel et al., 1994; 
Thoma et al., 1994). Placing the apoaequorin coding region under the control of such 
promoters should enable the production of transgenic plants in which expression of 
aequorin is effectively 'targeted' to stomata. Generation of 2 such transgenic lines is 
described in detail in Chapter 5, and subsequent investigation into the possible 




Studies on 'Isolated' Guard Cells from Epidermal 
Strips of Transgenic N. plumbaginifolia 
4.1 Introduction 
From the earliest studies indicating a role for K ions in stomatal movements 
(MacCallum, 1905) the use of epidermal strips has been central to many advances made 
in our understanding of stomatal physiology, giving insight into the mechanics of 
stomatal movements (Heath, 1938), ionic relations and energy requirements of guard 
cells (MacRobbie, 1987). Studies with detached epidermal tissue have also 
demonstrated that guard cells are capable of responding to some environmental stimuli 
independently of other cell types (Pallaghy, 1971). This technique has many advantages 
over working with the intact plant, perhaps two of the most important being that guard 
cell responses can be observed independently of influences from the mesophyll layers 
and that environmental factors (including light intensity, temperature, CO2 
concentration, humidity and ionic composition of the extracellular environment) can be 
accurately controlled. In addition, artificial perturbation or monitoring of intracellular 
events can be readily related to stomatal aperture changes measured under the light 
microscope, giving powerful insight into mechanisms involved in the control of 
stomatal conductance. 
A number of studies have reported various treatments, ranging from low pH or enzymic 
treatment to mechanical disruption, which effectively 'isolate' viable guard cell pairs 
from epidermal strips by selectively killing neighbouring cell types (Squire and 
Mansfield, 1972; Hudson et al., 1983; Allaway and Hsiao, 1973). In view of the recent 
demonstration that stomata retain the ability to regulate aperture in the absence of viable 
neighbouring epidermal cells (Klein et al., 1996), these techniques provide an 
opportunity to observe guard cell responses independently of influences even from 
other cell types within the epidermis. Since the line of transgenic N. plumbaginfolia 
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(MAQ 2.4) employed so far in this investigation is thought to express apoaequorin in all 
cell types (Knight et al., 1991), removal of viable epidermal strips from these plants 
and subsequent 'isolation' of guard cell pairs would therefore enable monitoring of 
changes in free intracellular Ca 2 specifically in guard cells and ensure that any 
subsequent change in stomatal aperture could be attributed solely to guard cell activity. 
Epidermal strips have previously been obtained successfully from Nicotiana species, 
including N. tabacum (Thomas, 1970) and N. glauca (Hudson et al., 1983). However, 
the absence of any previous studies using N. p1umbaginfolia necessitates careful 
consideration of the particular ionic requirements and incubation conditions of 
epidermal strips from this species prior to any measurements of [Ca 2 ]-dependent 
aequorin luminescence being made. 
This chapter is therefore concerned with the development of a new assay system for the 
maintenance and manipulation of epidermal strips from N. plumbaginifolia, 'isolation' 
of viable guard cells from these strips, in vivo reconstitution of active aequorin and 
subsequent use of material for the study of Ca 2 -mediated signal transduction pathways 
in guard cells. 
4.2 Development of an assay system for epidermal strips o f 
N. plumbaginifolia 
Peeling trials at the onset of this investigation revealed that fully turgid leaves from 8 
week old plants of this species peel easily (to an upper size limit of approximately 
1cm2) and yield strips with little mesophyll contamination and high guard cell viability. 
In addition to guard cells, strips were comprised of epidermal cells and trichomes. 
Sequential viability staining with FDA and P1 (section 2.5.3) revealed that 98.4 
±0.89% of guard cells, 98.3 ±1.53% of trichomes and 76.3 ±2.27% of epidermal cells 
were viable after removal of epidermal strips from the leaf (n = 5 strips, 20 of each cell 
type strip - '). This species does not possess subsidiary cells. 
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4.2.1 pH of the incubation medium 
Previous studies with epidermal strips have shown that H extrusion from guard cells 
during stomatal opening can significantly acidify the medium surrounding epidermal 
strips (Raschke and Humble, 1973) making it desirable to select a suitable buffering 
system. Phosphate and citrate buffers were commonly used to control the pH of the 
incubation medium in a number of early studies (Willmer and Mansfield, 1969; 
Thomas, 1970; Squire and Mansfield, 1972); although a number of potential problems 
were subsequently identified. Firstly, the concentrations of K and Na were found to 
alter according to the pH chosen with the attendent risk of influencing stomata! 
responses. Secondly, it was suspected that the anions employed may be membrane 
permeable and therefore potentially biologically active. The introduction of a series of 
impenneant biological buffers (Good et al., 1966) marked a significant development in 
epidermal strip studies, allowing effective buffering of the medium without the risk of 
potential complications from active biological components. This so-called 'Good' 
buffer system is now widely used in such studies and, as it comprises a number of 
biological buffers with a wide range of pKa values, has been selected as the basis of the 
incubation medium in this study. 
Since the ionic requirements of stomata must also be taken into consideration when 
assessing optimal pH for stomatal studies in epidermal strips, a source of anions (Cl -
and S042-) and alkali metal cations (K) were added to this series of buffers, although 
these requirements are addressed in more detail in section 4.2.2. These additions 
(detailed in Figure 4.1) created a series of buffers equimolar with respect to K 
covering the pH range 3-8 (after Weyers and Meidner, 1990) which were then used to 
determine a suitable pH for the incubation medium to be used in this study. Two 
important considerations were taken into account throughout this process: firstly, the 
chosen pH should be optimal for stomatal function and secondly, since different cell 
types within the epidermis exhibit different sensitivities to pH (Squire and Mansfield, 
1972) the use of pH as a method for the 'isolation' of viable guard cell pairs from 
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epidermal strips of this species should be explored. These considerations are addressed 
below in sections 4.2.1.1 and 4.2.1.2 respectively. 
4.2.1.1 Determination of optimal pH for stomatal function in epidermal 
strips of transgenic N plumbaginifolia 
Stomatal responsiveness to light was used to give an indication of health and ability of 
guard cells to function normally when incubated at different pH values. Epidermal 
strips were peeled from the abaxial surface of fully turgid 8 week old MAQ 2.4 plants 
as described in section 2.5.1 directly into buffer solutions of pH values ranging from 
3.0 to 8.0. They were then incubated for 2 hours under low CO2 conditions and 
illuminated in constant natural white light, after which they were removed to 
microscope slides and aperture measurements made (section 2.5.2). The apertures 
attained at each pH are shown in Figure 4.1. 
Optimal light-induced stomatal opening in epidermal strips of N. plumbaginjfolia was 
observed at pH6.0 where apertures of 4.19 ± 0.01im were attained. This value is in 
keeping with previous reports of the apoplast pH in intact plants, for example Edwards 
et al. (1988) reported that the pH of the apoplast solution near Commelina communis 
guard cells varied between pH7.5 (closed stomata) and pH5.5 (open stomata). 
Interestingly, another study determined that the optimal pH for stomatal opening in 
epidermal strips from N. tabacum was somewhat higher, at pH8.0 (Thomas, 1970), 
although it should be noted that the author employed a phosphate based buffering 
system in which the concentration of K ions present in the medium varied from 
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Figure 4.1: The effect of pH of the incubation medium on the ability of stomata in 
epidermal strips from N. plumbaginifolia MAQ 2.4 to open in response to light. 
Below pH6.0 solutions contained 10mM MES, 2.5mM K2SO4 and 5mM KC1, (pH 
was obtained with H2SO4).  Above pH6.0 solutions were based on HEPES or CHES at 
10mM plus 5mM KOH and 5mM KC1. Buffer solutions were mixed to give 
intermediate pH values. All solutions are therefore equimolar with respect to Kt The 
pH of each solution was monitored before and after the 2 hour incubation and never 
differed from the intial value by more than 0.3 pH units. Values are derived from 
stomatal apertures measured from 3 strips pH 1 , 20 stomata strip -1 . Vertical bars 
represent standard errors. 
4.2.1.2 Determination of a suitable pH for the 'isolation' of viable 
guard cell pairs from epidermal strips of N. plumbaginifolia. 
The use of pH for the 'isolation' of stomata from epidermal strips was pioneered by 
Squire and Mansfield (1972). They found that the cell types in the epidermal layer of C. 
communis were differentially sensitive to pH and that incubation at pH4.5 for 2 hours 
selectively killed the epidermal and subsidiary cells of this species, leaving the guard 
cells fully functional and intact. Since a further requirement of the assay system under 
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development here is to 'isolate' viable guard cell pairs from epidermal strips it was 
sought to determine whether pH could be used to selectively kill neighbouring cell types 
in N. p1umbaginfolia epidermal strips. Strips were removed from the abaxial surface of 
MAQ 2.4 plants as before, and incubated in buffer solutions of pH values ranging from 
3.0 to 9.0 under the same conditions as above. After 2 hours they were removed to 
microscope slides and stained with the vital stain FDA and the mortal stain PT (section 
2.5.3). Representatives of each of the 3 cell types were selected at random from 3 strips 
at each pH; the numbers of each cell type which stained with FDA are expressed as a 
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Figure 4.2: The effect of pH of the incubation medium on the viability of stomata 
( • ), epidermal cells ( — D — ) and trichomes (-0—) in epidermal strips of N. 
plumbaginifolia (MAQ 2.4). Buffered solutions prepared as before. Random counts of 
each cell type were made from 3 strips pH - 1 , 20 of each cell type strip'. Standard 
errors never exceeded 2.5%. 
Epidermal cell viability was very low at all pH values tested indicating that those left 
alive after peeling were killed even by a short-term incubation under these conditions, 
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most likely due to the absence of a carbon source in the incubation medium. Viability of 
these cells was further depleted by incubation in mildly acidic or alkaline conditions. 
Stomatal viability was consistently high between pH4.5-6.0 but was dramatically 
reduced in neutral/mildly alkaline conditions, whereas trichomes were more susceptible 
to acidic conditions. Incubation of strips at pH4.5 was the most effective for 
maintaining guard cell viability (98.3% ± 0.89) whilst selectively killing neighbouring 
epidermal cells (only 1.6% ± 0.89 remaining viable). 
In an attempt to improve the selective killing of trichomes (as 74.6% ± 1.44 remained 
viable after 2 hours at pH4.5) incubation time in pH4.5 was extended by 30 minute 
intervals and two alternative methods of guard cell 'isolation' from epidermal strips 
were also attempted: mechanical disruption (Allaway and Hsiao, 1973) and treatment 
with cellulase (Hudson et al., 1983). None of these approaches however met with any 
success, all resulting in increased rates of guard cell death. Enzymic treatment yielded 
unmanageably digested strips which were impossible to manipulate; reducing the 
concentration and incubation time of strips in cellulase did not improve their 
manageability. 
Incubation of strips at pH4.5 for 2 hours was therefore judged to be the best 
compromise between maintaining guard cell viability whilst selectively killing 
neighbouring cell types, and was subsequently selected as the method to be used in this 
study for the 'isolation' of guard cells from epidermal strips of this species. A 
comparison of cell viability in epidermal strips incubated for 2 hours at either pH4.5 or 
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Plate 4.1: Viability of guard cells (GC), thchomes (T) and epidermal cells (E) in 
epidermal strips removed from the abaxial surface of 8 week old N. pIurnbaginfoiia 
(MAQ 2.4) following incubation in 10mM MES, 2.5mM K2SO 4, 5mM KC1 at either 
(a) pH4.5 or (b) pH6.0 for 2 hours under low CO2 conditions and illuminated under 
natural white light. Magnification xlO. Live cells fluoresce green and dead or damaged 
cells red upon excitation at 490nm. 
(b) 
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To ensure that guard cell function was not impaired by this low pH treatment, tests 
were undertaken to compare the responses of stomata incubated at pH4.5 or pH6.0 to a 
closing stimulus (ABA) and an opening stimulus (light). Epidermal strips were 
prepared as before and incubated in 10mM MES, 2.5mM K2SO4, 5mM KC1 at either 
pH4.5 or 6.0. After 2 hours incubation under low CO2 conditions and illuminated by 
natural white light all strips were transferred to fresh media at pH6.0. After a further 
hour lOj.tM ABA was added to the incubation medium, left for another hour and then 
washed out. At 30 minute intervals throughout this experiment randomly selected strips 
from each sample group were transferred to microsope slides for aperture 
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Figure 4.3: A comparison of the ABA-responsiveness of stomata in epidermal strips 
following incubation in 10mM MES, 2.5mM K2SO4, 5mM KC1 at 2 different pH 
values. 
Values are derived from mean stomatal apertures measured from 3 strips pH -1 , 20 
stomata strip -1 , following incubation at either pH4.5 ( S ) or 6.0 (—D—) for 2 
hours. Standard errors > 0. 1pm are shown as vertical bars. The first arrow indicates 
the addition of lOj.tM ABA to the media and the second arrow, the removal of ABA. 
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Although data presented in section 4.2.1.1 indicated that stomatal responses to light 
were optimal at pH6.0, statistical analysis of the data presented in Figure 4.4 (t-test, see 
Appendix B) indicated that the 2 hour pre-treatment of epidermal strips at pH4.5 does 
not impair guard cell function, compared with strips incubated at pH6.0 throughout. No 
significant difference was found between the two sample groups in terms of mean rates 
of ABA-induced closure / light-induced re-opening or mean apertures attained 
throughout the time course (at P = 0.05). Stomata in strips exposed to mild acid-
treatment opened in response to light and closed in response to ABA as effectively as 
those incubated throughout at pH6.0. 
4.2.2 Composition of the incubation medium 
Ideally, the incubation medium for epidermal strips should mimic, as far as possible, 
the apoplast environment of the intact leaf (Weyers and Meidner, 1990). However, 
since the composition of the epidermal apoplast solution is not yet fully determined and 
may vary temporally, spatially and between species, the development of a new assay 
system for epidermal strips of N. plumbaginfolia can be guided by observations from 
previous studies. For example, although the ionic requirements of stomata from 
different species vary considerably, the importance of ions such as K and Cl - is now 
well established (section 1.4.3). A supply of an alkali metal cation, most commonly 
K, is required for stomatal movements in epidermal strips of most species, although 
the concentration is often highly species-dependent. For example Vicia faba stomata 
will open with light in CO2-free air in the presence of 10mM KC1 but require higher 
concentrations of other salts (Humble and Hsiao, 1969) whereas C. communis stomata 
require 100mM salt concentrations and will open equally well on KC1, NaCl or RbC1 
(Willmer and Mansfield, 1969). Although only a limited number of studies have 
employed epidermal strips from Nicotiana species, Thomas (1970) reported that K 
ions are vital to normal stomatal function in epidermal strips from N. tabacum and that 
in the absence of a source of K stomata opened in the dark and closed in the light. 
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The identity and concentration requirements of charge balancing anions may also vary 
between species. For example, V. faba stomata open equally well on Cl - , Br or NO3- 
in combination with K (Humble and Hsiao, 1969) whereas in C. communis Br is less 
effective (MacRobbie, 1984). Previous studies with epidermal strips from Nicotiana 
species have shown that stomata open equally well on Cl - , SO4  2- or P042- in 
combination with K (Thomas, 1970). 
A number of studies have reported that many divalent cations, including Ca 2 and Mg2 
inhibit stomatal opening and promote stomatal closure in N. tabacum (Thomas, 1970), 
V. faba and C. communis (Fischer, 1968; Wilmer and Mansfield, 1969). In the 
absence of sufficient work to clarify the roles of such ions in N. plumbaginjfolia 
stomatal movements, and in an attempt to add as few additives to the incubation 
medium as possible, it was decided to omit divalent cations from the incubation 
medium. 
In light of these studies, particularly those with Nicotiana species, and the responses of 
stomata observed so far here, it seems that the basic ionic requirements of stomata in 
epidermal strips of N. p1umbaginfolia are sufficiently met by the current buffer system 
comprising 10mM MBS, 2.5mM K2SO4, 5mM KC1. However, since KC1 
concentration is known to significantly affect the degree of stomatal responsiveness in 
epidermal strips, the effect of varying KC1 concentration on stomatal responsiveness in 
N. p1umbaginfolia strips was investigated in order to ensure the presence of optimal 
concentrations of anions and cations in the incubation medium. 
4.2.2.1 Determination of optimal [KC1] for stomatal responsiveness 
Stomata in both low pH pre-treated strips and non-treated strips were tested for their 
ability to close in response to ABA and re-open in response to light in buffers 
containing a range of KC1 concentrations. Epidermal strips were removed as described 
in section 2.5.1 and incubated (under low CO2 conditions and constant natural white 
light) in 10mM MES, 2.5mM K2SO4 plus 1, 5, 10 or 50mM KC1 at either pH4.5 or 
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6.0. After 2 hours all strips were transferred to fresh media containing the appropriate 
KC1 concentration at pH6.0. After a further hour lOj.tM ABA was added to the 
incubation medium, left for another hour and then washed out. At 30 minute intervals 
throughout this experiment randomly selected strips from each sample group were 
transferred to microsope slides for aperture measurements (section 2.5.2) and viability 
staining (section 2.5.3). The results are shown in Figure 4.4. 
Two-way analysis of variance of the data presented in Figure 4.4 (see Appendix C) 
confirmed that the 2 hour pre-treatment of epidermal strips at pH4.5 does not impair 
guard cell function (compared with strips incubated at pH6.0 throughout) at any of the 
KC1 concentrations tested. No significant difference was found between the two sample 
groups in terms of mean rates of ABA-induced closure / light-induced re-opening or 
mean apertures attained throughout the time course (at P = 0.05). Stomatal function was 
significantly affected however, by the concentration of KC1 in the incubation medium; 
ABA-induced reductions and light-induced increases in aperture were greater and 
occured more rapidly in the presence of 50mM KC1 than any other concentration. In 
contrast, Thomas (1970) reported maximal opening of stomata in epidermal strips of N. 
tabacum at 10mM KC1 and found that increasing [K4 ] past 10mM resulted in reductions 
in aperture. 
In summary then, this experiment shows that 50mM KC1 is the optimal concentration 
tested for stomatal responsiveness to external stimuli in epidermal strips of N. 
plumbaginfo1ia and furthermore that a 2 hour pre-incubation at pH4.5, to selectively 
kill neighbouring cell types, does not impair the ability of stomata to respond to external 
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iIgpre.A4j. The effect of KC1 concentration on stomatal responsiveness to ABA in 
epidermal strips incubated in 10mM MES, 2.5mM K2SO4, and either 1, 5, 10 or 
50mM KC1 at 2 different pH values. 
Values are derived from mean stomatal apertures measured from 3 strips pH -1 , 20 
stomata strip', following incubation at either pH4.5 ( S ) or 6.0 (—D—) for 2 
hours. Standard errors > 0.2p.m are shown as vertical bars. The first arrow in each 
panel indicates the addition of lOp.M ABA to the media and the second arrow, the 
removal of ABA. Stomata! viability (assessed by FDA staining) was never less than 
95% ± 1.47 in any sample. 
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4.2.3 In vivo reconstitution and discharge of aequorin in low pH-
treated epidermal strips 
To enable quantification of any experimentally-induced changes in [Ca 2 ] t (section 
2.4.1), it is necessary to be able to quantify total aequorin content in each sample 
(Lummax). In the previous chapter Lum m ax was established by homogenisation of 
whole seedlings and discharge of aequorin with excess CaC12. The epidermal strips 
used here however proved too small for reproducible and accurate estimation of 
aequorin content in this way. It was necessary therefore to find an alternative means of 
ascertaining the aequorin content of epidermal strips before any further investigation 
could be undertaken. 
4.2.3.1 Development of an assay for the determination of Lum max from 
epidermal strips 
Several solutions known to affect membrane integrity were tested for their ability to 
release total aequorin from N. plumbaginfolia MAQ 2.4 epidermal strips in the 
presence of excess CaC12. Low pH-treated strips were first floated on 10mM MES, 
2.5rnM K2SO4, 50mM KC1 pH6.0 containing 1pM coelenterazine for 1 hour in 
darkness before being transferred to 0.5rnl buffer in luminometer tubes. Test solutions 
(0.5m1) containing 900mM CaC12 plus various concentrations of EtOH, acetone, the 
detergent NP40 or the Ca 2 ionophore, A23187, were then injected into the sample 
housing of the luminometer and counts recorded over 60 seconds. Representative 



































Figure 4.5: Ca2 -dependent aequorin luminescence emitted from N. plumbaginfolia 
(MAQ 2.4) epidermal strips upon addition of 3 different concentrations of a) ethanol, b) 
acetone, c) NP40 or d) A23187, in the presence of 900mM CaC12. Measurements were 
made from 3 replicate strips treatment -1 , one representative example of each is shown. 
Standard errors never exceeded ±318.6 counts sec'. 
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10% EtOHI900mM CaC12 was the most effective solution tested for the rapid discharge 
of total aequorin from epidermal strips. The light levels emitted by this treatment were 
consistently and significantly higher than all others tested and no further luminescence 
was detected 60 seconds after addition of 10% EtOHJ900mM CaC12, or upon injection 
of more CaC12, indicating that all active aequorin had been discharged. In the presence 
of the highest concentrations of ethanol, acetone, NP40 and A23187 there were 
significant reductions in the levels of detected luminescence, suggesting that these 
solutions quench aequorin luminescence when present at high concentrations. 
To ensure that aequorin luminescence is not quenched in the presence of 10% ethanol, 
an in vitro assay was performed to compare aequorin luminescence discharged by 
CaC12 in the presence or absence of 10% ethanol. Active aequorin was first 
reconstituted in vitro by incubating 0.5m1 aliquots of lOOnM apoaequorin with 1.tM 
coelenterazine in darkness for 8 hours. Total luminescence was then discharged from 
each sample in the luminometer by either 0.5m1 900mM CaC12 or 10% EtOHJ900mM 
CaC12. Counts were recorded over 60 seconds and the results are shown in Figure 4.6. 
Luminescence decayed at a slower rate in the absence of 10% ethanol, although no 
significant difference was found between mean peak luminescence values of the two 
sample groups (at P = 0.05). Since aequorin luminescence is not significantly quenched 
in the presence of 10% EtOH, addition of 10% EtOHJ900mM CaC12 to strips following 
stimulation in the luminometer is therefore an effective means of discharging aequorin 
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Figure 4.6: Ca2 -dependent aequorin luminescence discharged in vitro by the 
addition of 
a) 900mIvI CaC12 only, or b) 900mM CaC12 / 10% ethanol to lOOnM aequorin. 
Measurements were made from 5 replicate samples treatment -1 , one representative 
example of each is shown. 
Mean peak aequorin luminescence upon discharge with 900mM CaC1 2 was 14037.4 ± 
21.5 counts second-1 , and with 900mM CaC12 / 10% ethanol 14746.2 ± 19.3 counts 
second-1 (n=5). 
4.2.3.2 Determination of conditions required for maximal reconstitution 
of aequorin in epidermal strips 
To determine the conditions required for maximal reconstitution of aequorin in low pH-
treated epidermal strips, estimations of total aequorin content (Lum m ) were made from 
strips incubated in a range of coelenterazine concentrations for 1-6 hours. Low pH-
treated epidermal strips from N. plumbaginfolia MAQ 2.4 were floated on 10mM 
MES, 2.5mM K2SO4, 50mM KC1 pH6.0 containing 1, 2, 5 or 10pM coelenterazine 
for 1, 2, 4 or 6 hours in darkness. At each time point strips were transferred to 0.5m1 
buffer in luminometer tubes and total aequorin discharged by injection of 0.5m1 900mM 
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CaC12/10% EtOH into the sample housing of the luminometer. Total counts from each 
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gpre4.7: The effect of coelenterazine concentration and incubation time on the 
reconstitution of aequorin in low pH-treated epidermal strips of N. plumbaginfolia 
(MAQ 2.4). Total counts were recorded over 20 seconds and values shown are 
averages from 3 strips coelenterazine concentration -1 time point-1 . Standard errors did 
not exceed ± 529.7 counts 20 seconds-1 in any sample. 
Increases in aequorin content were observed at all coelenterazine concentrations up to 4 
hours after which levels appeared to plateau (except at 2j.IM where aequorin content 
increased up to 6 hours). Incubation in 10pM coelenterazine appeared to reduce the 
efficiency of aequorin reconstitution. Maximal reconstitution was observed after 6 
hours in 2j.tM coelenterazine and after 4-6 hours in 5pM coelenterazine. In an effort to 
minimise incubation time as far as possible a 4 hour incubation in 5pJvI coelenterazine 
was selected for maximal aequorin reconstitution in these epidermal strips. 
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To ensure that guard cell function and viability was maintained following aequorin 
reconstitution, low pH pre-treated epidermal strips were incubated in 10mM MES, 
2.5mM K2SO4, 50mM KC1 pH6.0 containing 5j.tM coelenterazine for 4 hours in 
darkness. Stomata in these strips were then tested for their ability to close in response to 
ABA and re-open in response to light as described in section 4.2.2.1 and stained with 
FDA and PT (section 2.5.3) to assess stomatal viability. Stomatal apertures did not vary 
significantly from those in Figure 4.4 (d) and viability never fell below 96.9% ± 0.64 
(n=8). 
4.2.4 In summary - A novel assay for monitoring free intracellular Ca 2 
in 'isolated' N. plumbaginifolia guard cells 
A method has been developed for the 'isolation' of viable guard cells from the abaxial 
epidermis of 8 week old transgenic N. plumbaginifolia (MAQ 2.4) plants by incubating 
1cm2 epidermal strips in 10mM MES, 2.5mM K2SO4, 50mM KC1 pH4.5 for 2 hours 
under low CO2 conditions. Aequorin can be reconstituted in vivo by floating mild acid-
treated strips on 10mM MES, 2.5mM K2SO4, 50mM KC1 pH6.0 (hereafter referred to 
as epidermal strip buffer) containing 5tM coelenterazine in darkness for 4 hours. These 
strips are used throughout the remainder of this chapter to monitor free intracellular 
Ca2 in guard cells and to identify stimuli affecting stomatal aperture which are 
transduced through changes in guard cell [Ca 2 ]. Ratios of peak stimulus-induced 
aequorin consumption to peak Lum m (determined as described in section 4.2.3.1) are 
used to quantify stimulus-induced [Ca 2+] Cyt  transients using the calibration curve 
described by Allen et al. (1977). 
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4.3 Results 
4.3.1 Response of pre-treated epidermal strips to mechanical 
perturbation 
As described in section 1.2.1.1, the first published studies using transgenic N. 
plumbaginfo1ia MAQ 2.4 seedlings, (Knight et al., 1991; 1992) showed that 
mechanical stimuli (wind and touch) were transduced in these plants by transient 
elevations of [Ca 2 ]. However, since [Ca 2 ]-dependent aequorin luminescence 
measurements were made from whole seedlings, the numbers and types of cells 
responding could not be determined. It was hypothesized by the authors of these 
studies that, since physical barriers (such as cell walls) may impede the detection of 
luminescence from cells deeper than 2-3 layers from the surface, the cells in the 
epidermal layer were most likely to be the main contributors. 
Wind, the primary environmental mechanical stimulus is known to influence stomatal 
behaviour indirectly, by affecting transpiration. It is not known however, whether 
mechanical disturbance affects stomata directly. It was therefore undertaken to 
determine whether mechanical signals are transduced by changes in [Ca 2+] Cyt  in guard 
cells 'isolated' from epidermal strips. 
Strips were prepared as described in section 4.2.4 and transferred to 0.5m1 epidermal 
strip buffer in luminometer tubes. Mechanical stimuli were applied in the luminometer 
by the injection of a fixed volume of room temperature epidermal strip buffer into the 
sample housing over 1, 3, 5 or 10 seconds. Counts were recorded over 60 seconds and 
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Figure 4.8: The effect of mechanical stimulation on [Ca 2 ] in mild-acid treated 
epidermal strips from N. p1umbaginfolia MAQ 2.4. 
Mean [Ca2 ] t observed in response to injection of 0.5m1 epidermal strip buffer 
(pH6.0) over 1, 3, 5 or 10 seconds. Values are derived from luminescence peaks 
measured from 10 MAQ 2.4 strips injection speed* Standard errors > 0.2tM are 
shown as vertical bars. 
Representative traces of [Ca 2+] cyt observed in response to injection of 0.5m1 
epidermal strip buffer (pH6.0) over 1, 3, 5 or 10 seconds at the arrows. The final trace 
represents light detected from an epidermal strip removed from wild type N. 
plumbaginfolia. 
Mechanically-induced [Ca2+] Cyt  transients were quantified following determination of 
Lumm (section 4.2.3.1) using the calibration curve described by Allen et al. (1977). 
Immediate and transient elevations of [Ca 2 ]-dependent aequorin luminescence were 
detected in response to mechanical stimulation in MAQ 2.4 strips, but not in strips taken 
from either wild type plants or plants transformed with binary vector DNA only (wild 
type only shown). There was a graded relationship between the force of the applied 
stimulus and the size of the [Ca 2 ] t response; decreasing from 6.69 ± 0.66.tM to 400 
± 170nM as the injection speed decreased from 1 second to 10 seconds. The duration of 
the response also varied with the force of the applied stimulus; decreasing from 60 
seconds to 15 seconds as the injection speed decreased from 0.5m1 1 second -1 to 0.5m1 
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10 seconds -1 . Once [Ca2 ] had returned to resting levels no further response was 
observed. Transient elevations of [Ca 2 ], in the nanomolar range, were still observed 
following rates of injection even slower than 0.5m1 10 seconds-1 (data not shown), 
probably due to the fact that epidermal strips have so little rigidity following mild acid 
treatment, as a result of loss of epidermal cell turgor, that even slight mechanical 
disturbance caused transient changes in epidermal strip shape. 
Aperture measurements made from epidermal strips following the injection of 0.5m1 
room temperature epidermal strip buffer over 1 second (described in section 2.5.2) also 
showed a rapid stomatal response to such mechanical stimulation, as illustrated in 
Figure 4.9. 
Mechanically-induced [Ca 2 ] transients were followed, after a short delay, by rapid 
reductions in stomatal aperture of more than 50%. Approximately 3 minutes after 
[Ca2 ] had returned to resting level stomata began to re-open, with apertures 
returning to pre-stimulation levels after approximately 10 minutes. No significant 
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Figure 4.9: The effect of mechanical stimulation on [Ca 2 ] t and stomatal aperture in 
mild-acid treated epidermal strips. 
A representative mechanically-induced [Ca 2+]Cyt  transient ( 	) observed following 
the injection of 0.5m1 epidermal strip buffer (pH6.0) over 1 second (at the arrow) was 
quantified following determination of Lum m (section 4.2.3.1) using the calibration 
curve described by Allen et al. (1977). Stomata! apertures (_• ) are derived from 
mean apertures measured from 3 strips time-point -1 , 10 stomata strip -1 . Standard errors 
> 0.2im are shown as vertical bars. 
In an effort to determine the source(s) of Ca 2 mobilised into the cytosol in response to 
mechanical disturbance, strips were incubated in 3 different inhibitor solutions prior to 
stimulation; EGTA (a membrane impermeable Ca 2 chelator), LaC1 3 (a plasma 
membrane Ca2 channel blocker) and ruthenium red (a putative inhibitor of 
mitochondrial and ER Ca 2 channels). Epidermal strips were prepared as described in 
section 4.2.4 and incubated in inhibitor solutions for 30 minutes before being 
transferred to 0.5m1 epidermal strip buffer in luminometer tubes. Mechanical stimuli 
were applied in the luminometer by the injection of a 0.5m1 of room temperature 
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epidermal strip buffer into the sample housing over 1 second as before. Counts were 
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Figure 4.10: The effect of inhibitors on mechanically-induced elevation of [Ca 2 ] 
Mean [Ca2 ] t observed in response to a 1 second injection of 0.5m1 epidermal 
strip buffer (pH6.0) in mild acid-treated epidermal strips pre-incubated for 30 minutes 
in the absence of inhibitors (control), or in the presence of imIvI LaC13 (La 3 ), 1mM 
EGTA or 50.tM ruthenium red (RR), prior to stimulation. Values are derived from 
luminescence peaks measured from 5 strips treatment -1 . Vertical bars represent standard 
errors. 
Representative traces of [Ca 2+]Cyt  observed in response to a 1 second injection of 
0.5ml epidermal strip buffer (pH6.0) in mild acid-treated strips pre-incubated for 30 
minutes in the absence of inhibitors (control), or in the presence of 1mM LaC13 (La 3 ), 
1mM EGTA or 50i.M ruthenium red (RR), prior to stimulation at the arrows. 
Mechanically-induced [Ca 2 ] t transients were quantified following determination of 
Lumm (section 4.2.3.1) using the calibration curve described by Allen et al. (1977). 
None of the pre-treatments appeared to have any detectable effect on the size of 
mechanically-induced [Ca 2 ] t transients. In the presence of ruthenium red however, 
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the rate at which [Ca 2 ]-dependent aequorin luminescence returned to resting levels 
appeared to be slower than controls. 
Aperture measurements made from mechanically-stimulated epidermal strips pre-
incubated in EGTA, LaC13 or ruthenium red also showed that these inhibitors had no 
significant effect (at P = 0.05) on mean rates of mechanically-induced stomatal closure, 









' 	 _ 










c)EGTA 	 d)RR 
0 	2 	4 	6 	8 	10 	0 	2 	4 	6 	8 	10 
Time (minutes) 
Figure 4.11: The effect of inhibitors on mechanically-induced stomatal closure 
Changes in stomatal aperture observed in response to a 1 second injection of 0.5m11 
epidermal strip buffer (pH6.0) in mild acid-treated epidermal strips pre-incubated for 30 
minutes in the absence of inhibitors (a), or in the presence of 1mM LaC13 (b), 1mM 
EGTA (c) or 50p.M ruthenium red (d), prior to stimulation at the arrows. Values are 
derived from mean aperture measurements made from 3 strips treatment -1 , 10 stomata 
strip -1 . Standard errors > 0.15.tm are shown as vertical bars. 
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4.3.2 Responses of pre-treated epidermal strips to temperature 
As described in section 1.2.1.2, Knight et al. (1991) showed that temperature stimuli 
were transduced in transgenic N. plumbaginfolia MAQ 2.4 seedlings by transient 
elevations of [Ca 2 ]. However, since these measurements of [Ca 2 ]-responsive 
aequorin luminescence were also made from whole seedlings, the responsive cell types 
could not be determined. As with wind-induced elevations of [Ca 2 ] the authors 
speculated that the majority of the detected luminescence probably emanated from the 
epidermal layer. Changes in temperature are known to influence numerous 
physiological processes in plants, both directly and indirectly, including stomata! 
behaviour (section 1.4.2.3). It was therefore undertaken to determine whether 
temperature signals are transduced by changes in [Ca 2 ] in guard cells 'isolated' from 
epidermal strips. Strips were prepared as described in section 4.2.4 and transferred to 
0.5m1 epidermal strip buffer in luminometer tubes (at room temperature). Temperature 
stimuli were applied in the luminometer by slow injection (over 10 seconds) of 
epidermal strip buffer at 0, 5, 10, 20 or 30°C into the sample housing and counts 
recorded over 60 seconds. The results are shown in Figure 4.12. 
Immediate and transient elevations of [Ca 2 ]-dependent aequorin luminescence, 
lasting approximately 30-40 seconds, were detected in response to temperatures ranging 
from 0-10°C in MAQ 2.4 strips, but not in strips taken from either wild type plants or 
plants transformed with binary vector DNA only (wild type only shown). Strips 
exhibited a graded response to temperature; decreasing from 5.98 ± 0.47 jiM to 2.10 ± 
0.29 jiM as the temperature increased from 0°C to 10°C. Once [Ca 2+] cyt had returned to 
resting levels no further response was observed. Much smaller transients of 400-500 ± 
150nM were observed in response to injection of buffer at 20 and 30°C, although since 
the size and duration of these transients were comparable to those seen in response to 
injection of room temperature buffer over 10 seconds (Figure 4.8), they are probably 
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Figure 4.12: The effect of temperature on [Ca 2+] Cyt  in mild-acid treated epidermal 
strips. 
Mean [Ca2+]Cyt  observed in response to slow injection of 0.5m1 epidermal strip 
buffer (pH6.0) at 0, 5, 10, 20 or 30°C. Values are derived from luminescence peaks 
measured from 10 MAQ 2.4 strips temperature value -1 . Standard errors > 0.2j.IM are 
shown as vertical bars. 
Representative traces of [Ca 2+] Cyt  observed in response to slow injection of 0.5m1 
epidermal strip buffer (pH6.0) at 0, 5, 10, 20 or 30°C at the arrows. The final trace 
represents light detected from an epidermal strip removed from wild type N 
plumbaginfolia. 
Temperature-induced [Ca 2 ] transients were quantified following determination of 
Lumm (section 4.2.3.1) using the calibration curve described by Allen et al. (1977). 
Aperture measurements made from epidermal strips rapidly cooled to 0°C (as described 
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Figure 4.13: The effect of cold shock on [Ca2 ] and stomatal aperture in mild-acid 
treated epidermal strips. 
A representative cold shock-induced [Ca 2 ] transient ( 	) observed following the 
slow injection of 0.5m1 epidermal strip buffer (pH6.0) at 0°C (at the arrow) was 
quantified following determination of Lum max (section 4.2.3.1) using the calibration 
curve described by Allen et al. (1977). Stomatal apertures (_• ) are derived from 
mean apertures measured from 3 strips time-point -1 , 10 stomata strip -1 . Standard errors 
> 0.1jtm are shown as vertical bars. 
Cold shock-induced [Ca 2+] Cyt  transients were followed, after a short delay, by rapid 
reductions in stomatal aperture up to 40%. Approximately 2 minutes after [Ca 2 ] had 
returned to resting level stomata began to re-open, with apertures returning to pre-
stimulation levels after approximately 10 minutes. No significant change in stomatal 
aperture was observed in unstimulated strips (data not shown). 
In an effort to determine the source(s) of Ca 2 mobilised into the cytosol in response to 
cold shock, epidermal strips were prepared as described in section 4.2.4 and incubated 
in either EGTA, LaC13 or ruthenium red for 30 minutes before being transferred to 
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0.5m1 epidermal strip buffer in luminometer tubes. Cold shock stimuli were applied in 
the luminometer by slow injection (over 10 seconds) of epidermal strip buffer at 0°C 
into the sample housing as before and counts recorded over 60 seconds. The results are 
shown in Figure 4.14. 
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Figure 4.14: The effect of inhibitors on cold shock-induced elevation of [Ca 2 ] cyt 
Mean [Ca2 ] observed in response to slow injection of 0.5m1 epidermal strip 
buffer (pH6.0) at 0°C in mild acid-treated epidermal strips pre-incubated for 30 minutes 
in the absence of inhibitors (control), or in the presence of 1mM LaC13 (La 3 ), 1mM 
EGTA or 50j.tM ruthenium red (RR), prior to stimulation. Values are derived from 
luminescence peaks measured from 5 strips treatment-1 . Vertical bars represent standard 
errors. 
Representative traces of [Ca 2+] Cyt  observed in response to slow injection of 0.5m1 
epidermal strip buffer (pH6.0) at 0°C in mild acid-treated strips pre-incubated for 30 
minutes in the absence of inhibitors (control), or in the presence of 1mM LaC13 (La 3 ), 
1mM EGTA or 50j.tM ruthenium red (RR), prior to stimulation at the arrows. Cold 
shock-induced [Ca2 h] cyt transients were quantified following determination of Lum m 
(section 4.2.3.1) using the calibration curve described by Allen et al. (1977). 
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In the presence of LaC13 and EGTA the size of cold shock-induced [Ca 2+]Cyt  transients 
were reduced by 57.2 ± 1.5% and 50.7 ± 1.4% respectively. In addition, these 
treatments appeared to reduce the rate at which [Ca 2 ]-dependent aequorin 
luminescence returned to resting levels compared with the controls. In contrast, 
ruthenium red had no detectable effect on either the size or the duration of cold shock-
induced [Ca2+] Cyt  transients. 
Aperture measurements made from cold shock-stimulated epidermal strips pre- 
incubated in the same inhibitor solutions showed that treatments which inhibit cold 
shock-induced elevation of [Ca 2+] cyt also inhibit cold shock-induced stomatal closure; 
as shown in Figure 4.15. Pre-incubation of epidermal strips in LaC13 or EGTA 
significantly inhibited both the rate and extent of cold shock-induced stomata! closure 
(at P = 0.05), whereas stomata in strips pre-incubated in ruthenium red exhibited 
similar reductions in aperture to controls. 
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Figure 4.15: The effect of inhibitors on cold shock-induced stomatal closure 
Changes in stomatal aperture observed in response to slow injection of 0.5m1 epidermal 
strip buffer (pH6.0) at 0°C in mild acid-treated epidermal strips pre-incubated for 30 
minutes in the absence of inhibitors (a), or in the presence of 1mM LaC13 (b), 1mM 
EGTA (c) or 50pM ruthenium red (d), prior to stimulation at the arrows. Values are 
derived from mean aperture measurements made from 3 strips treatment -1 , 5 stomata 
strip-1 . Standard errors > 0. 15pm are shown as vertical bars. 
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A number of recent studies have suggested that Ca 2 may play a role in the acquisition 
of freezing tolerance (cold acclimation) in plants (section 1.2.1.2). It was therefore 
undertaken to determine whether exposure to low, but non-freezing, temperatures 
altered the [Ca 2 ] t response to temperature in guard cells 'isolated' from epidermal 
strips. MAQ 2.4 plants were germinated and grown at 24°C as described in section 
2.2.1; at 7 weeks old half of the plants were transferred to 17°C and the remainder kept 
at 24°C for 7 days prior to removal of epidermal strips. Strips were then prepared from 
each group as described in section 4.2.4 and transferred to 0.5m1 epidermal strip buffer 
in luminometer tubes (at room temperature). Temperature stimuli were applied in the 
luminometer by slow injection (over 10 seconds) of epidermal strip buffer at 0, 5, 10, 
20 or 30°C into the sample housing and counts recorded over 60 seconds. The results 
are shown in Figure 4.16. 
Acclimation to low, but not freezing, temperatures was found to have a dramatic effect 
on the size of cold shock-induced increases in [Ca 2 ] t . Mild acid-treated epidermal 
strips removed from plants acclimated to 17°C showed a 50.04 ± 1.6% reduction in the 
size of 0°C-induced [Ca 2+] Cyt  transients compared with those removed from plants 
maintained at 24°C throughout. These strips also showed a significant reduction in their 
responses to 5 and 10°C (at P = 0.05). The [Ca2+l cyt responses of 17°C acclimated 
strips were not altered in any other way, exhibiting the same kinetics as those 

















0 	 10 	 20 	 30 
Temperature ( °C) 
Figure 4.16: The effect of temperature on [Ca 2+J CYt  in mild-acid treated epidermal 
strips removed from N. plumbaginifolia plants acclimated to different tempertatures. 
Values represent mean [Ca 2 ]t observed in response to slow injection of 0.5m1 
epidermal strip buffer (pH6.0) at 0, 5, 10, 20 or 30°C, in strips removed from plants 
acclimated to either 17°C (-0—) or 24°C ( S ) for 7 days prior to 
experimentation. Data are derived from luminescence peaks measured from 10 MAQ 
2.4 strips temperature value -1 . Vertical bars represent standard errors. Cold shock-
induced [Ca2+] Cyt  transients were quantified following determination of Lum m 
(section 4.2.3.1) using the calibration curve described by Allen et al. (1977). 
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4.3.3 Response of pre-treated epidermal peels to ABA 
The influence of ABA on stomatal behaviour is one of the most well documented in this 
field of research (section 1.4.2.5) and a number of studies have indicated that Ca 2 may 
play a key role in the transduction of ABA signals in guard cells (section 1.4.5). It was 
therefore undertaken to determine whether ABA-induced changes in [Ca 2 ] t-
dependent aequorin luminescence could be monitored in guard cells 'isolated' from 
transgenic epidermal strips. 
Strips were prepared (section 4.2.4) and transferred to 0.5m1 epidermal strip buffer in 
luminometer tubes. ABA was applied in the luminometer by the slow injection (over 10 
seconds) of 0.5m1 of 20pM ABA (giving a final concentration of 10tM) into the 
sample housing and counts were recorded over 45 minutes. Aperture measurements 
were made concomitantly from epidermal strips following the addition of ABA 
(described in section 2.5.2). Representative traces of ABA-induced changes in 
[Ca2+]Cyt  together with accompanying changes in stomatal aperture are shown in Figure 
4.17. 
Changes in [Ca2 ]-dependent aequorin luminescence were detected in response to 
lOjiM ABA in MAQ 2.4 strips, but not in strips taken from either wild type plants, 
plants transformed with binary vector DNA only or upon addition of 0.01% EtOH to 
MAQ 2.4 strips (wild type only shown). Following the addition of ABA to MAQ 2.4 
strips, [Ca2+] cyt remained at resting level for approximately 1-2 minutes but then 
increased over the next 10 minutes to 2.5 ± 0.35j.LM (n=5) where it formed a plateau. 
ABA-induced elevations of [Ca2+]cyt were rapidly followed by stomatal closure. There 
was however some variation in the responsiveness of epidermal strips to ABA, with no 
change in [Ca2 ] detected in 2 out of 7 strips tested, although ABA-induced closure 
was always observed. Importantly no change in [Ca 2+J CYt  or stomatal aperture was 
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Figure 4.17: The effect of 10pM ABA on [Ca2 ] and stomatal aperture in mild-
acid treated epidermal strips from a) N. plumbaginifolia MAQ 2.4 and b) wild type N. 
plumbaginfolia 
Representative traces of ABA-induced changes in [Ca 2+] Cyt ( 	) observed 
following the slow addition (over 10 seconds) of 0.5m1 20pM ABA (at the arrows). 
Final [EtOH], from ABA stock, never exceeded 0.01%. Peak [Ca 2 ]-dependent 
aequorin luminescence in 5 replicate MAQ 2.4 strips were quantified following 
determination of Lum m (section 4.2.3.1) using the calibration curve described by 
Allen et al. (1977). Stomatal apertures ( • ) are derived from mean apertures 
measured concomitantly from 3 strips time-point -1 , 10 stomata strip". Standard errors 
> 0.15pm are shown as vertical bars. 
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In an effort to determine the source(s) of Ca 2 mobilised into the cytosol in response to 
ABA, epidermal strips were prepared as described in section 4.2.4 and incubated in 
either EGTA, LaC13 or ruthenium red for 30 minutes before being transferred to 0.5m1 
epidermal strip buffer in luminometer tubes. ABA was applied in the luminometer by 
slow injection (over 10 seconds) into the sample housing as before and counts recorded 
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Figure 4.18: The effect of inhibitors on ABA-induced elevation of [Ca 2+]Cyt  
Representative traces of [Ca 2+] Cyt  observed in response to slow injection of ABA 
(10pM final concentration) in mild acid-treated strips pre-incubated for 30 minutes in 
the absence of inhibitors (a), or in the presence of (b) 1mM LaC13 (La 3 ), (c) 1mM 
EGTA or (d) 50pM ruthenium red (RR), prior to addition of ABA at the arrows. ABA-
induced [Ca2 ] transients were quantified following determination of Lum m 
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Figure 4.19: The effect of inhibitors on ABA-induced elevation of [Ca 2 ] 
Mean [Ca2 ]t observed in response to slow injection of ABA (10pM final 
concentration) in mild acid-treated epidermal strips pre-incubated for 30 minutes in the 
absence of inhibitors (control), or in the presence of 1mM LaC13 (La 3 ), 1mM EGTA 
or 50jiM ruthenium red (RR), prior to addition of ABA. Values represent mean peak 
luminescence measured from 5 strips treatment -1 . Vertical bars represent standard 
errors. 
None of the pre-treatments appeared to have any detectable effect on the size of ABA-
induced [Ca2 ] t transients. 
Aperture measurements made from ABA-treated epidermal strips pre-incubated in 
EGTA, LaC13 or ruthenium red also showed that these inhibitors had no detectable 
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Figure4.20: The effect of inhibitors on ABA-induced stomata! closure 
Changes in stomatal aperture observed in response to the addition of 10pM ABA in 
mild acid-treated epidermal strips pre-incubated for 30 minutes in the absence of 
inhibitors (a), or in the presence of (b) 1mM LaC13, (c) 1mM EGTA or (d) 50pM 
ruthenium red, prior to the addition of ABA at the arrows. Values represent mean 
stomatal apertures measured from 3 strips treatment', 5 stomata strip -1 . Standard errors 
> 0.15pm are shown as vertical bars. 
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4.3.4 Imaging cold shock-induced [Ca2]t-dependent  aequorin 
luminescence in epidermal strips 
To determine whether stimulus-induced increases in [Ca 2 ]-dependent aequorin 
luminescence detected in luminometry studies could be attributed specifically to changes 
in guard cell [Ca 2 ] t , the Ca2 responses of epidermal strips were imaged using a 
Berthold LB980 intensified tube camera in conjunction with a Nikon Diaphot 
microscope (section 2.3.4). Epidermal strips were prepared as described in section 
4.2.4 (non-acid-treated strips were prepared in the same way except the pH of the 
incubation medium was maintained at pH6.0 throughout) before being transferred, at 
room temperature, to 22 x 50mm cover slips on a peltier controlled temperature stage 
under a x20 microscope objective. The peltier stage was then cooled rapidly to freezing 
temperatures and luminescent images collected over 6 second intervals (2 x 3 second 
integrations). Time courses of [Ca 2 ] t-dependent aequorin luminescence detected in 
each of the 3 cell types in these epidermal strips (quantified as described in section 
2.3.4) are shown in Figure 4.21. Representative images of peak cold shock-induced 
[Ca2 ] -dependent aequorin luminescence detected in non-acid-treated and mild acid-
treated strips are also shown in Plates 4.2 and 4.3 respectively. 
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Figure 4.21: Time course of cold shock-induced [Ca 2 ]-dependent aequorin luminescence in epidermal strips from N. plunibaginifolia MAQ 2.4. 
Images collected from (a) non-acid-treated and (b) mild acid-treated MAQ 2.4 strips, and (c) wild type strips. (i) Cold shock-induced changes in [Ca2]-dependent  aequorin 
luminescence of guard cells (---), epidermal cells (-0—) and trichomes (-0-). Data was collected from 3 strips sample group-'; 10 measurement areas cell type - ' strip-' (section 
2.3.4.) Vertical bars represent standard errors. (ii) Mean temperature of peltier stage, derived from 3 experiments. Standard errors > 0.5°C are shown as vertical bars. 
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Plate 4.2: Peak cold shock-i iduced I Ca- i 1 -dependent aequorin luminescence in a 
representative non-acid treated epidermal strip from N. piumbaginfbiia MAQ 2.4. 
bright field image (magnification x20) 
corresponding luminescent image (magnification x20) 
Luminescent image represents peak cold shock-induced luminescence observed upon 
cooling of the pettier stage to 2.7 ± 0.13'C at time = 18 seconds. Images were collected 
over 6 second intervals (2 x 3 second integrations). 
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Plate 4.3: Peak cold shock-induced Ca2ic)rdependent  aequorin luminescence in a 
representative mild-acid treated epidermal strip from N. pluinbaginifolia MAQ 2.4. 
bright field image (magnification x20) 
corresponding luminescent image (magnification x20) 
Luminescent image represents peak cold shock-induced luminescence observed upon 
cooling of the peltier stage to 2.9 ± 0.87°C at time = 18 seconds. Images were collected 
over 6 second intervals (2 x 3 second integrations). 
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Cold shock-induced increases in [Ca 2 ]-dependent aequorin luminescence were 
detected in both non-acid-treated and mild acid treated strips removed from MAQ 2.4 
plants, but not in those removed from wild type plants or MAQ 2.4 strips in which 
active aequorin had not been reconstituted (wild type only shown). 
In non-acid treated epidermal strips immediate and transient elevations in 
dependent aequorin luminescence were observed upon rapid cooling to 2.7 ± 0.13°C. 
All 3 cell types responded, with 50.98 ± 1.73% of peak luminescence emanating from 
guard cells, 32.62 ± 2.05% from trichomes and 16.37 ± 1.13% from epidermal cells. 
Luminescence decayed back to resting levels in all cell types approximately 18 seconds 
after administration of the cold shock stimuli. 
In mild acid-treated strips however, with which all luminometry studies had been 
conducted, immediate and transient elevations in [Ca 2 ]-dependent aequorin 
luminescence were observed only in guard cells and trichomes; no significant epidermal 
cell luminescence above background was detected. The response was observed 
simultaneously in guard cells and trichomes upon rapid cooling to 2.9 ± 0.87°C, with 
81.9 ± 1.61% of peak luminescence detected emanating from guard cells and only 
18.09 ± 1.3 1% from trichomes. Again, luminescence in both cell types decayed back to 
resting level approximately 18 seconds after administration of the cold shock stimuli. It 
should be noted however, that mean peak luminescence levels of both guard cells and 
trichomes in these strips were found to be significantly lower than their respective 
counterparts in non-acid treated strips, although the diminution was particularly acute in 
trichomes (at P = 0.05). 
Attempts were also made to image mechanically and ABA-induced increases in 
[Ca2 ] -dependent aequorin luminescence in mild acid-treated epidermal strips. 
However, technical problems encountered with the application of both stimuli (i.e. the 
inevitable movement of strips and subsequent loss of focus upon stimulation) precluded 
imaging the respective Ca2 responses. 
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4.4 Discussion 
4.4.1 Mechanical stimulation 
Data presented here, using detached epidermis, has indicated that the mechanically-
induced elevations in [Ca 2 ]-dependent aequorin luminescence previously observed 
in whole transgenic N. plumbaginfo1ia MAQ 2.4 seedlings (Knight et al., 1991; 1992) 
may emanate, at least in part, from the epidermal layer. Mechanically-induced transient 
increases in [Ca2+] Cyt  of up to 6.69p.tM (returning to resting levels after approximately 
60 seconds) were observed in epidermal strips, and exhibited a similar graded 
relationship to the force of stimulation as the response observed in whole seedlings. 
Since mechanical stimulation relies upon localised shearing or differential deformation 
of a tissue, such that some cells are under tension and others under compression 
(Pfeffer, 1906), it is possible that the graded relationship to the force of stimulation 
observed in both epidermal strips and intact seedlings may simply reflect the increased 
number of cells subject to tension and compression as a result of increasingly vigorous 
movement. In the case of whole seedlings this possibility was rejected by Knight et al. 
(1992), since the angle of hypocotyl bending did not increase with increasing force of 
stimulation, and the graded response was attributed instead to the increasing length of 
time over which the hypocotyl was in motion as the force of stimulation was increased. 
A relationship between the size of the response and the length of time over which 
epidermal strips were in motion was also observed in this study. However, since these 
strips have so little rigidity (due to epidermal cell death during mild-acid treatment) and 
the extent to which epidermal strips were deformed when mechanically-stimulated could 
not readily be quantified, it is not clear whether the observed graded response in strips 
arose due to larger elevations of [Ca 2+] Cyt  in responding cells as the length of time in 
which strips were in motion was increased, or simply increasing numbers of cells 
subject to tension and compression as a result of more vigorous movement. 
Precisely how movement and subsequent differential changes in tension and 
compression across tissues are translated into increased [Ca 2 ] is not yet understood. 
Studies on pressure sensitive animal cells, such as those in the ear, have indicated that 
154 
temporary changes in pressure due to turbulent fluid movement may activate stretch 
channels in the plasma membrane thereby permitting the influx of extracellular Ca 2 
stores into the cytosol (Sachs, 1988). Indeed, a number of mechanosensitive Ca 2 -
channels have been identified in plants (Cosgrove and Hedrich, 1990; Pickard and 
Ding, 1992) which may be activated by mechanically-induced deformation of the 
plasma membrane (Pickard and Ding, 1992; Ding and Pickard, 1993a). However the 
observation, reported by Knight et al. (1992), that neither the stretch channel blocker 
gadolinium or LaC13, had any effect on the mechanically-induced elevation of [Ca 2+]Cyt  
in whole seedlings, whereas ruthenium red, a putative inhibitor of ER and 
mitochondrial Ca2 -channels, totally abolished the response, suggests that Ca 2 
mobilised in response to mechanical stimulation in plants is of intracellular rather than 
extracellular origin. This is also implied by the inability of EGTA to inhibit 
mechanically-induced increases in [Ca 2 ] in mesophyll protoplasts isolated from N. 
plumbaginjfolia MAQ 2.4 plants (Haley et al., 1995). A role for intracellular Ca 2 -
release in the transduction of mechanical signals in plants is supported by data presented 
here (published in Haley et al., 1995. See Appendix A), since neither LaC1 3 or the 
membrane impermeable Ca 2 chelator, EGTA, were able to inhibit the mechanically-
induced elevation of [Ca2 ] (or subsequent stomatal closure in epidermal strips). The 
lack of any statistically significant effect of ruthenium red on the observed transients in 
this study may reflect the involvement of intracellular stores other than the ER or 
mitochondria in the Ca 2 response. However, since the intracellular mode of action of 
this inhibitor has recently been called into question by a report describing the sensitivity 
of Ca2 influx at the plasma membrane to ruthenium red (Marshall et al., 1994), results 
obtained with this inhibitor should be interpreted with caution. If internal stores are 
involved it is possible that internal deformation of organelles may lead to increased 
stretch channel activity, a suggestion which is supported by a recent study describing 
the sensitivity of a Ca2 -release channel in the ER of Bryonia dioica touch-sensitive 
tendrils to intravesicular addition of gadolinium (KlUsener et al., 1995). Further work is 
clearly required to identify the precise location of intracellular Ca 2 store(s) mobilised 
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by mechanical stimuli and the mechanisms by which changes in tension and 
compression of cells may be transduced into Ca 2 influx into the cytosol. 
Since the epidermal strips used in this study contained both viable trichomes and guard 
cells, and since technical problems precluded imaging of the mechanical response, it is 
not clear whether one or both of these cell types are responsible for the observed 
mechanically induced elevations of [Ca 2 ]. It is perhaps easier to envisage trichomes 
as the mechanically responsive cells in these strips, although the observation that 
stomata close rapidly in response to mechanical stimulation demonstrates that there is an 
immediate guard cell response to this stimulus. Wind, the primary environmental 
mechanical signal, is known to influence stomatal behaviour indirectly by modulating 
the rate of evaporation from the leaf, thereby affecting transpiration and guard cell 
turgor (section 1.4.2.6). However, since in this study, the cells were in contact with 
fluid throughout experimentation and mechanical stimuli were administered as liquid 
rather than air, the data suggest that stomatal movements are influenced not only 
indirectly, but also directly by mechanical disturbance. Furthermore, the close 
correlation observed between the mechanically-induced [Ca 2+]cyt response and the 
onset of stomatal closure, together with observed stomatal re-opening shortly after the 
return of [Ca 2+]cyt to resting level, suggests that mechanically-induced closure may be 
transduced via the elevation of guard cell [Ca 2 ]. 
Alternatively, it may be that the observed elevations in [Ca 2 ] cyrdependent aequorin 
luminescence emanate from trichomes. Trichomes have often been thought to play a 
largely passive role in plants, acting as evapotranspirative barriers to maintain humidity 
around the leaf or structural defences against herbivores and aphids (Esau, 1965). 
However, if tnchomes represent mechanically-sensitive organs in the Nicotiana 
epidermis, and if it can be shown that they respond to mechanical stimulation by 
elevating [Ca2 ] t , it would suggest an active role for trichomes in the transduction of 
wind and other mechanical signals in plants. Mechanically-induced movement of 
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trichomes could potentially transmit mechanical signals to other plant cells, in which 
case the stomatal closure observed in this study, in response to mechanical disturbance, 
may occur as a consequence of transmission of the signal from trichomes to guard cells. 
In summary, data presented here indicate that mechanical signals induce stomatal 
closure and suggest that this is mediated by tightly-regulated, graded elevations of 
guard cell and/or trichome [Ca 2 ]. This study has also indicated that mechanically-
induced elevation of [Ca 2+] Cyt  most probably arises from the release of Ca 2 from 
intracellular stores. It is noteworthy however, that stretch activated Ca 2 -channels have 
been identified in the guard cell plasma membrane (Cosgrove and Hedrich, 1990; 
Cosgrove and Hedrich, 1991). Finally, since all observations were made using 
detached mild acid-treated epidermal strips, in which there are no viable epidermal cells, 
it can be concluded firstly that the stomatal response is independent of changes in 
epidermal cell turgor and secondly, that the perception and transduction of mechanical 
signals which intiate stomatal closure is localised in the epidermis. 
4.4.2 Cold shock stimulation 
Data presented here, using detached epidermis, has indicated that cold shock-induced 
elevations in [Ca2 ] t-dependent aequorin luminescence previously observed in whole 
transgenic N. plumbaginfolia MAQ 2.4 seedlings (Knight et al., 1991; 1992) emanate, 
in part, from the epidermal layer. Mild acid-treated epidermal strips, removed from 
plants grown and maintained in an ambient temperature of approximately 24°C, 
exhibited transient increases in [Ca 2+]Cyt  of 6tM and 4.5iM (returning to resting levels 
after approximately 30-40 seconds) upon sudden transition to 0 and 5°C respectively. 
Additionally, and in contrast to intact MAQ 2.4 seedlings which showed no change in 
[Ca2 ] upon exposure to temperatures above 5°C, epidermal strips also showed a 
significant increase in [Ca2 ] (up to 2p.M) upon exposure to 10°C. Since the speed at 
which buffer was injected into the sample housing was kept constant throughout each 
experiment, this graded Ca 2 response reflects a genuine relationship between influx of 
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Ca2 into the cytosol and temperature, rather than varying force of injection. There was 
however, some element of mechanical 'contamination' in the detected responses; since 
injection of buffer at 20 or 30°C elevated [Ca 2+]Cyt  to the same extent as the injection of 
room temperature buffer at the same rate. As a consequence of this 'contamination', the 
size of cold shock-induced transients presented here are likely to be slight 
overestimates, in the order of approximately 400-500nM. 
The mechanism(s) by which low temperature signals are translated into increased 
[Ca2 ] t is not yet understood. Electrophysiological studies in a variety of plant cells 
and organs have shown that rapid cooling elicits strong, transient depolarizations (e.g. 
Minorsky, 1985; Minorsky and Spanswick, 1989) which could permit the influx of 
extracellular Ca2 from the apoplast through gated plasma membrane Ca 2 -channels. 
Indeed, cold-induced opening of plasma membrane-associated Ca 2 -channels has been 
indicated by a number of studies (e.g. Pickard, 1984; Minorsky and Spanswick, 1989). 
The observation, in this study, that both LaC13 and EGTA reduced the size of cold 
shock-induced [Ca2 ] t transients by almost 50% also indicates that extracellular Ca 2 
is mobilised into the cytosol in response to cold shock. Furthermore, since cold shock-
induced membrane depolarizations are graded according to the amplitude of the cooling 
pulse (Minorsky and Spanswick, 1989), this may also account for the graded response 
to temperature observed in this study. 
The involvement of a plasma membrane associated Ca 2 -channel in the temperature 
sensing mechanism of plant cells is lent further credence by a number of observations 
common to both cold shock-induced membrane depolarizations and cold shock-induced 
increases in [Ca2 ]; firstly it has been shown that both phenomena are attenuated by 
repeated cold stimulation and that both responses are fully recovered 20-30 minutes 
after application of the intial cold shock stimulus and secondly, that both phenomena are 
partially inhibited by LaC13 and EGTA (Minorsky, 1989; Knight et al., 1996). 
However, since the responses of both epidermal strips, in this study, and intact 
seedlings (Knight et al., 1996) were only partially inhibited by LaC13 and EGTA, the 
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data suggest that contributions from intracellular Ca 2 store(s) may also be involved. 
The location of a possible intracellular Ca 2 source was unclear from this study and 
from that of Knight et al. (1992), since ruthenium red had no detectable effect on the 
size of cold shock induced Ca 2 transients. However, some insight into the location of 
intracellular Ca2 stores that may be mobilised in response to cold shock has recently 
been gained from studies using transgenic A. thaliana seedlings containing apoaequorin 
targeted to the cytosolic face of the tonoplast (Knight et al., 1996). The authors reported 
cold shock-induced increases in [Ca 2 ] t-dependent aequorin luminescence in these 
seedlings which were consistent with release of Ca 2 from the vacuole. In addition, 
[Ca2 ] t was elevated for a longer period in these plants than that observed in N. 
plumbaginfolia MAQ 2.4 plants suggesting either a more prolonged release of Ca 2 
from the vacuole, continuing after the influx of extracellular Ca 2 across the plasma 
membrane, or the re-uptake of Ca 2 into the vacuole following stimulation. Further 
work is required to confirm the precise location of intracellular Ca 2 store(s) mobilised 
in response to low temperature signals and to elucidate the mechanism(s) whereby such 
signals are transduced into the mobilisation of Ca 2 from both extracellular and 
intracellular stores. 
Since stomata in detached epidermal strips exhibited rapid closure in response to cold 
shock, the data presented here indicates that exposure to low temperatures directly 
affects stomatal behaviour and suggests that the experimentally-induced increases in 
[Ca2 ]-dependent aequorin luminescence detected in the luminometer may primarily 
reflect changes in guard cell [Ca2]t.  Indeed, imaging cold shock-induced [Ca 2 ]t-
dependent aequorin luminescence in mild acid treated epidermal strips revealed that 81.9 
± 1.61% of the total luminescence detected emanated from guard cells. This observation 
together with the close correlation seen between the timing of the cold shock-induced 
[Ca2+] cyt response and the onset of stomatal closure, and the fact that stomata rapidly 
re-opened following the return of [Ca 2+] cyt to resting level, indicates that cold shock-
induced stomatal closure is effected via the elevation of guard cell [Ca 2 ]. This 
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conclusion is further supported by the observation that inhibitors which significantly 
inhibited the size of cold shock-induced [Ca 2+] cyt transients (LaC13 and EGTA) also 
significantly reduced the extent of cold shock-induced stomatal closure, whereas 
ruthenium red, which had no detectable effect on cold shock-induced elevation of 
[Ca2 ], failed to inhibit subsequent stomatal closure. 
Furthermore, since cold shock-induced elevations of guard cell [Ca 2 ] were observed 
in mild acid-treated epidermal strips, in which there are no viable epidermal cells and 
recently in cotyledons of intact MAQ 2.4 seedlings, which do not possess trichomes 
(Helen Page, unpublished observations. University of Edinburgh), the evidence 
suggests that guard cells respond to reductions in temperature independently of other 
cell types. The physiological significance of cold shock induced Ca 2 -transients imaged 
in trichomes and epidermal cells therefore remains unclear; both of these cell types have 
previously been shown to be sensitive to rapid cooling, exhibiting reduced cytoplasmic 
streaming for example; a process which is closely correlated with increased [Ca 2+] Cyt  
(Minorsky, 1989). However, since rapid cooling has been shown to affect a multitude 
of biological processes in plant cells (Minorsky, 1985) further work is needed to 
elucidate the physiological implications of cold-induced increases in [Ca 2+] Cyt  in these 
cell types. 
A number of the afore-mentioned studies have also reported that exposure of chilling-
sensitive / tolerant plant species to low, but non-injurious, temperatures can 
dramatically affect stomatal responsiveness to subsequent cold stress. Eamus et al. 
(1983) for example, showed that stomata of 20°C grown P. vulgaris plants exposed to 
12°C for 4 days prior to experimentation exhibited rapid closure upon chilling at 4°C 
whereas those of plants maintained at 20°C throughout were 'locked open'. Strikingly, 
chilling-induced stomatal closure in P. vulgaris plants acclimated to 12°C was 
comparable to that observed in the chilling-resistant species Pisum sativum. 
Such studies have indicated that this altered stomatal responsiveness, and subsequent 
alleviation of chilling-induced water stress, following acclimation to low temperatures is 
an integral part of the acquisition of freezing tolerance in plants. Reports of a close 
correlation between the accumulation of ABA and the development of chilling-resistance 
in cold-acclimated plants have led to the suggestion that this aspect of acclimation is, in 
part, associated with the ability of ABA to induce stomatal closure (Pardossi et al., 
1992; Eamus and Wilson, 1983). 
However, a number of recent studies have also suggested that Ca 2 may be involved in 
the acquisition of freezing tolerance in plants (section 1.2.2). Knight et al. (1996) for 
example showed that cold-acclimated transgenic A. thaliana seedlings exhibited smaller 
and more prolonged cold shock-induced [Ca 2 ] t transients than non-acclimated 
seedlings. The authors suggested that this altered Ca 2 signalling might constitute a 
kind of 'cold memory' in cold-acclimated plants, and hypothesized that 'remembering' 
exposure to low, but non-injurious, temperatures may enable plants to tolerate future 
cold stress. 
Data presented here now suggests that altered Ca 2 signalling may also be involved in 
the modification of stomatal responsiveness in cold acclimated plants. Mild acid-treated 
epidermal strips removed from N. plumbaginfolia MAQ 2.4 plants acclimated to 17°C 
for 7 days prior to experimentation showed a 50% ± 1.6% reduction in the size of 0°C-
induced [Ca2 ] t transients compared with those removed from plants grown at 24°C 
throughout. These strips also showed a significant reduction in their responses to 5 and 
10°C. Since the majority of cold shock-induced [Ca 2 ]cyrdependent aequorin 
luminescence emanates from guard cells in mild acid treated strips, these results imply 
that cold pre-treatment of these plants alters the signature of subsequent cold shock-
induced changes in guard cell [Ca 2 ]. Confirmation that this is the case must await 
further imaging studies, however this interpretation would suggest that the stomata of 
cold-acclimated plants retain a 'cold memory' which is manifested as a change in Ca 2 -
signalling. 
In summary, data presented here suggest that tightly-regulated, graded elevations of 
guard cell [Ca2 ], arising in part from the influx of extracellular Ca 2 across the 
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guard cell plasma membrane, represent an essential component of the transduction 
pathway which enable stomata of chilling-tolerant species, such as N. p1umbaginfolia, 
to respond rapidly to dramatic reductions in temperature. The results further suggest 
that the perception and transduction of these signals is localised in the guard cells. 
This study has also suggested that altered stomatal responsiveness to cold shock in 
cold-acclimated plants may be mediated not only by the accumulation of ABA, as 
indicated by previous studies, but also by the modification of the Ca 2 -signalling 
pathway in guard cells. It is hypothesized therefore that guard cell Ca 2 -signalling may 
play a role in the development of chilling-resistance in plants. 
4.4.3 ABA 
The physiological significance of ABA-induced stomatal closure is well documented 
(section 1.4.2.5) and will not be discussed further in this chapter. However the 
mechanisms by which ABA signals are perceived and transduced into altered stomatal 
conductance is currently one of the most intensively studied areas in this field and there 
is now strong evidence that Ca2 plays a key role in the transduction of these signals. 
Data presented here, using detached epidermis, has indicated that exogenous ABA 
signals are transduced in the leaf epidermis by the elevation of [Ca 2 ]. Gradual 
increases in [Ca2 ] t were observed within minutes of adding 10pM ABA to epidermal 
strips, peaking and plateauing at concentrations of up to 2.5j.tM 10 minutes after 
addition. Although technical difficulties prevented the imaging of these ABA-induced 
changes in [Ca2 ]-dependent aequorin luminescence, the observation that stomata in 
detached mild acid-treated epidermal strips exhibited rapid closure in response to 
exogenous ABA indicates that this phytohormone directly affects stomatal behaviour 
and suggests that ABA-induced increases in [Ca 2 ]-dependent aequorin luminescence 
detected in the luminometer primarily reflect changes in guard cell [Ca 2 ]. Indeed, the 
close correlation observed between the timing of the ABA-induced [Ca 2+] Cyt  response 
and the onset of stomatal closure suggests that ABA-induced stomatal closure is 
preceded by, and effected via, the elevation of guard cell [Ca 2 ]. 
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These observations, achieved using epidermal strips expressing aequorin, are in 
agreement with the results of other recent studies in which ABA-induced changes in 
guard cell [Ca2+] Cyt  were monitored with fluorescent Ca 2 dyes (McAinsh et al., 1990; 
Gilroy et al., 1991; Irving et al., 1992; Allan et al., 1994). Each of these studies 
reported that ABA-induced stomatal closure was preceded by similar slow increases in 
guard cell [Ca2+]Cyt  of up to 1pM. Gilroy et al. (1991) further demonstrated that 
increases in [Ca2+] Cyt  greater than 0.5pM, persisting for approximately 10 minutes, 
were sufficient to initiate and maintain stomatal closure. However, some controversy 
still remains regarding ABA-induced changes in guard cell [Ca 2 ] since a number of 
points of variation are apparent from the literature. Firstly, although in every study to 
date the vast majority of stomata tested exhibit ABA-induced closure, concomitant 
changes in [Ca2+] cyt are not always observed (McAinsh et al., 1990; Gilroy et al., 
1991; Irving et al., 1992). Indeed in this study, although ABA-induced closure was 
observed in all epidermal strips tested, ABA-induced elevation of [Ca 2+]Cyt  was 
detected in only 5 out of 7 strips, with no change detected in the remaining 2. The 
reason for such variation is not clear, although several explanations have been 
proposed. Recent studies by McAinsh et al. (1992) and MacRobbie (1992), for 
example, have indicated that the variation may simply reflect failure to detect ABA-
induced changes in [Ca 2+] cyt in some cells due to methodological limitations. 
Alternatively the observed variation may indicate that closure is not systematically 
accompanied by elevations in guard cell [Ca 2 ], a suggestion which has led to 
speculation that ABA signals may be transduced through both Ca 2 -dependent and 
Ca2 -independent signal transduction pathways in guard cells (Trewavas and Gilroy, 
1991). This hypothesis is supported by a number of studies demonstrating that 
activation of guard cell outward rectifying K channels during stomata closure is not 
dependent on [Ca 2 ] (Gilroy et al., 1991, Blatt and Thiel, 1993, Schroeder, 1992), 
but rather ABA-induced alkalinisation of the guard cell cytosol (Blatt and Armstrong, 
1993). Furthermore, Allan et al. (1994) have indicated that transduction of ABA signals 
via a Ca2 -dependent pathway in guard cells appears to be highly dependent on plant 
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growth conditions. The authors reported that ABA-induced increases in guard cell 
were only observed in plants grown at day temperatures of 25°C or above. 
The majority of stomata in plants which experienced cooler day temperatures showed 
no significant change in guard cell [Ca 2+] Cyt  upon exposure to ABA, although 
reductions in aperture was still observed. The same was found to be true of stomata in 
plants which experienced a degree of water stress prior to experimentation. Whether 
these observations reflect the induction of an Ca 2 -independent ABA pathway in water-
stressed or low temperature grown plants however is not certain since variations in 
water availability and temperature during growth are known to cause changes in ABA 
accumulation (Trewavas and Jones, 199 1) which may, in turn induce changes in guard 
cell sensitivity to [Ca2 ] (Hepler and Wayne, 1985). Further work is clearly required 
to clarify the existence of parallel or bifurcating pathways in the transduction of ABA 
signals. 
It has also become apparent from other studies that even in guard cells which do exhibit 
ABA-induced changes in [Ca 2 ] there may be substantial variation in the size and 
kinetics of the response. Schroeder and Hagiwara (1990), for example, reported that 
peak amplitudes of ABA-induced guard cell [Ca 2+] cyt responses varied between 0.5 and 
5pM. The authors also found that ABA induced repetitive transient increases in 
[Ca2 ], rather than the slow, gradual increases observed in this and other afore-
mentioned studies. Similar variable and transient increases in guard cell [Ca 2+],Yt  were 
also observed in 20% and 34% of responsive cells tested by Gilroy et al. (1991) and 
McAinsh et al. (1992) respectively. Since the generation of reproducible ABA-induced 
increases in guard cell [Ca2+]Cyt  is highly dependent upon stringently controlled growth 
conditions (Allen et al., 1994), it is possible that such variation may have arisen from 
the use of plants whose growth conditions were not closely controlled. Indeed, Allan et 
al. (1994) noted that, although the stomata of plants within each temperature group 
exhibited highly reproducible, uniform ABA-induced increases in guard cell [Ca 2 ] t , 
the size and kinetics of the response varied considerably between groups. In this study, 
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where growth conditions were stringently regulated (section 2.2. 1) ABA-induced Ca 2 -
responses were highly reproducible in terms of size and kinetics. 
Precisely how ABA signals are translated into increased [Ca 2+] Cyt  is currently the 
subject of intensive research. In this study the observation that neither ABA-induced 
elevation of [Ca2+]cyt or subsequent stomatal closure were inhibited by LaC13 or EGTA 
suggests that Ca2 mobilised into the guard cell cytosol in response to ABA is of 
intracellular rather than extracellular origin. However since ruthenium red had no 
statistically significant effect on the stomatal response to ABA, contribution from an 
intracellular Ca 2 -source(s) could not be confirmed. Reports that the photolytic release 
of caged 1P3 in the guard cell cytosol triggers the release of Ca 2 from intracellular 
stores (Blatt et al., 1990) and stomata! closure (Gilroy et al., 1990) coupled with the 
observation that ABA stimulates phosphoinositide turnover (Parmar, 1991 (cited in 
MacRobbie, 1992); Lee et al., 1996), suggest a role for intracellular Ca 2 -release, 
possibly from the vacuole, although the evidence remains somewhat circumstantial at 
present. 
While an influx of extracellular Ca2 has been completely rejected by some studies (e.g. 
Smith and Willmer, 1988), other studies have reported that ABA-induced stomatal 
closure is partially inhibited by EGTA and plasma membrane Ca 2 -channel blockers, 
suggesting that mobiisation of extracellular Ca 2 may contribute to the observed 
increases in guard cell [Ca 2 ] (De Silva et al., 1985a; McAinsh et al., 1991). A 
contribution from the influx of extracellular Ca 2 across a voltage-gated Ca 2 -channel in 
the plasma membrane has been suggested by MacRobbie (1989) who observed 
transient stimulation of Ca2 influx in 'isolated' C. communis guard cells in response to 
ABA. Schroeder and Hagiwara (1990) also reported that ABA-induced transient 
elevations of guard cell [Ca 2+] Cyt  were closely correlated with passive influx of Ca 2 
through non-selective Ca2 -permeable channels in the guard cell plasma membrane. It 
has been shown however that sustained increases in guard cell [Ca 2 ] t of at least 
0.5.tM for 10 minutes are necesssary to initiate and maintain stomatal closure (Gilroy et 
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al., 1991), and since in both of the above studies the stimulatory effect of ABA on 
Ca2 -influx was neither sustained nor consistently observed in all experiments, it is 
unlikely that the influx of extracellular Ca 2 alone could account for the prolonged 
elevation of [Ca2+]cyt observed in this and other studies (McAinsh et al., 1990; Gilroy 
et al., 1991; Irving et al., 1992; Allan et al., 1994). It is possible however, that a short-
lived ABA-stimulated Ca2 -influx across the plasma membrane might induce more 
sustained Ca2 -release from intracellular stores (MacRobbie, 1989; Gilroy et al., 1991). 
Indeed, fluorescence ratio imaging studies with Indo- 1 microinjected guard cells have 
revealed rapid transient ABA-stimulated increases in guard cell [Ca 2+]cyt localised at the 
plasma membrane and smaller, but more sustained increases in the vicinity of 
intracellular organelles (McAinsh et al., 1992). It is conceivable that such observations 
may reflect the release of Ca 2 from intracellular stores induced by elevated [Ca 2 ] t , 
paralleling Ca2 -induced Ca2 -release (CICR) first observed in animal cells (Berridge 
and Irvine, 1989). Clearly further work is required to identify the source(s) of Ca 2 
mobilised into the guard cell cytosol in response to ABA and the mechanism(s) by 
which this signal is translated into Ca 2 influx into the cytosol. 
4.5 Summary 
This study has developed a novel and effective assay for monitoring stimulus-induced 
changes in guard cell [Ca 2+] Cyt  using epidermal strips from N. p1umbaginfolia MAQ 
2.4. Data obtained using this assay has indicated that mechanical disturbance, exposure 
to low temperatures and ABA directly affects stomatal behaviour, and that elevations of 
guard cell [Ca 2+] Cyt  may play a key role in the transduction of these signals. The data 
further suggest that mobilisation of Ca 2 from intracellular store(s) plays a primary role 
in the transduction of mechanical and ABA signals, and that influx of extracellular Ca 2 
across the plasma membrane is a key component in the transduction of low temperature 
signals. 
It has transpired throughout this study however, that a number of problems are 
associated with this assay. Firstly, although mild acid-treatment was effective in the 
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selective destruction of the majority of cells neighbouring the stomatal complex, this 
treatment yielded strips with so little rigidity that [Ca 2 '] was elevated in response to 
even slight movement. As a consequence, it proved almost impossible to administer 
other stimuli without the attendant risk of detecting mechanically-induced [Ca 2+1CYt  
responses, however small. This heightened responsiveness in mild-acid treated 
epidermal strips may also call into question how comparable the stomatal mechanical 
response is to that observed in the intact plant. 
Secondly, the persistance of trichomes in mild acid treated epidermal strips meant that 
mechanically and ABA-induced changes in [Ca 2+] Cyt  could not be attributed solely to 
guard cells with absolute certainty, particularly since technical problems precluded 
imaging of these responses. Imaging studies were able to resolve this problem in the 
case of the cold shock response, although as a result it became clear that guard cells 
were not solely responsible for the detected [Ca 2 ] t-dependent aequorin 
luminescence. 
Thirdly, cold shock imaging studies also revealed that the mild acid treatment 
significantly diminshed both guard cell and trichome [Ca 2+] cyt responses. It is 
conceivable therefore that guard cell responses to ABA and mechanical disturbance may 
also have been adversely affected by this treatment. 
4.6 Further work 
In light of these considerations, it would be desirable to compare the responses 
observed in this study with those obtained by an alternative method, preferably in the 
intact plant. As outlined in section 3.2.12, a number of promoters have recently been 
identified in plants which direct expression predominantly in guard cells, enabling the 
production of transgenic plants in which expression of aequorin is effectively 'targeted' 
to stomata. The following chapter is therefore devoted to the production of guard cell 
'targeted' transgenic plants. These plants will then be used to investigate further the role 
of Ca2 in the transduction of mechanical, low temperature and ABA signals in guard 
cells, with particular attention to the mechanism(s) whereby these signals are translated 
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into elevated [Ca2
] (Chapter 6). They will also be used to investigate the putative 




Production of Transgenic Guard Cell 'Targeted' 
N. plumbaginifolia 
5.1 Introduction 
At the start of this work, 2 promoters which are thought to direct expression 
predominantly in guard cells were made available, the ABA-responsive cDeT6-19 
promoter from Craterostigina plantagineum (Michel et at., 1994; Taylor et al., 1995) 
and the constitutive lipid transfer protein (LTP 1) promoter from A. thaliana (Thoma et 
at., 1994). 
The cDeT6- 19 gene is a member of the rab (responsive to ABA) gene family which are 
thought to play a role in the responses of plants to osmotic stress. These genes contain 
several regions of conserved amino acids, termed ABREs (ABA-responsive elements), 
which are related to G-box motifs (Williams et al., 1992) and are thought to be involved 
in the ABA-modulation of gene expression. In a recent study using transgenic N. 
tabacum containing a 971bp cDeT6-19 promoter fragment (position -889 to 82) fused 
to B-glucuronidase (GUS), Michel et at. (1994) reported that tissue-specific activity of 
the cDeT6-19 promoter is subject to both developmental and hormonal regulation. In 
well-watered plants the authors detected basal constitutive levels of promoter activity in 
all vegetative tissues. Dessication or ABA treatment however, induced a significant 
increase in promoter activity, which in mature plants was found to be highest in mature 
embryos and pollen grains but which in younger plants was subsequently found to be 
predominantly localised in the cytosol of stomatal guard cells (Taylor et at., 1995). The 
highest levels of ABA-induced GUS activity were observed when expression was 
directed by promoter fragments of 889bp or longer following induction with lOOJiM 
exogenous ABA for 32 hours (Michel et al., 1994). 
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The LTP 1 gene is a member of the LTP gene family which are thought to play a role in 
intracellular lipid transfer in both prokaryotes and eukaryotes. In a recent study using 
transgenic A. thaliana containing a 1 149bp LTP 1 promoter fragment (position -1146 to 
3) fused to B-glucuronidase (GUS), Thoma et al. (1994) reported that tissue-specific 
activity of the LTP 1 promoter is subject to developmental regulation. In mature A. 
thaliana plants strong GUS activity was evident in leaves, stems, sepals, petals, stigma 
and pollen grains, and also in lateral roots. In younger plants however, LTP promoter 
activity was confined to aerial plant parts, predominantly in stomatal guard cells, 
although some expression was also observed in stem epidermal cells and vascular 
tissue. LTP promoter activity was present in the guard cell cytosol. 
Using these 2 promoters, the aim of this study was to 'target' expression of the 
apoaequorin gene in transgenic N. plumbaginfo1ia. This chapter is therefore concerned 
with the production of 2 lines of transgenic N. plumbaginfo1ia in which expression of 
apoaequorin is under the control of the cDeT6-19 and LTP promoters. This was 
achieved using the binary vector system, comprising the primary cloning vector pART 
7 and the binary vector pART27 (permitting blue/white colour selection), specifically 
designed by Gleave (1992) for use in Agrobacterium -mediated plant transformation. At 
the start of this work the apoaequorin coding region had already been cloned into the 
multiple cloning site (MCS) of pART 7 (Ann Haley, unpublished work. University of 
Edinburgh), yielding an expression cassette comprising apoaequorin under the control 
of the CaMV 35S promoter, followed by the octopine synthase terminator region (ocs 
3'). It was proposed to replace the CaMV 35S promoter in this construct (p7AOJ with 
the cDeT6-19 and LTP promoters, and to subclone the resultant expression cassettes 
into the T-DNA region of the binary vector pART 27, to produce 2 chimeric constructs, 
pMAQ 15 and pMAQ 16, in which expression of apoaequorin was under the control of 
the cDeT6-19 and LTP promoters respectively. 
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5.2 Generation of pMAQ 15 
5.2.1 Amplification of promoter DNA using the polymerase chain 
reaction 
Oligonucleotide primers, complementary to the cDeT6-19 promoter region, were 
designed to generate appropriate restriction sites at each end of the promoter for 
subsequent subcloning steps (Figure 5.1). Using these primers the DNA was amplified 
using the polymerase chain reaction (section 2.10) from double stranded template DNA 
(consisting of the cDeT6-19 promoter fused to GUS in pUC 19) kindly donated by 
Dorothea Bartels (Max-Planck-Institut für Zuchtungsforschung, Cologne). 
Oligo M3414 
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Figure 5.1: Oligonucleotide primers M3414 and M3415 used for the amplification of 
the cDeT6-19 promoter region. Primers were synthesized by Oswel DNA Services 
(Southampton, U.K.). 
Analysis of polymerase chain reactions on a 0.8% agarose gel (section 2.11) revealed 
the successful generation of the cDeT6- 19 promoter DNA running a little under 1 000bp 
(Plate 5. 1, Lane 2). Two larger spurious fragments of approximately 1700 and 3400bp 
were also generated. The amplified cDeT6-19 fragment was then excised from the gel 
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Plate 5. 1: Analysis of polymerase chain reaction products by agaiose gel 
electrophoresis. 
Lane I: 1.tg 1kb DNA ladder markers (Life Technologies, Ltd.), lane 2: 5a1 cDeT6-19 
amplification reaction, lane 3: 5pl no template DNA control, lane 4: 5pJ no primer 
control, lane 5: 5p1 no dNTPs control, lane 6: 5pi no biopolythermase control. Primer 
DNA can be seen at the end of lanes 2, 3, 5 and 6. Sizes of DNA fragments are given in 
base pairs. 
5.2.2 Construction of pMAQ 15 
The eluted, blunt-ended cDeT6-19 promoter fragment was then ligated into PCR-Script 
(Stratagene) according to the supplier's protocol. Ligations were set up with 
insert:vector molar ratios of 40:1, 60:1 and 100:1 and the ligation mixes used to 
transform Epicurian Co/i XL1-Blue supercompetent cells (Stratagene) as described in 
section 2.8.3. Transformants were selected on L plates containing 100tg/ml ampicillin, 
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500p.g/ml IPTG and 40pg/ml X-gal. Following overnight incubation at 37°C, plates 
with cells transformed with either 60:1 or 100:1 ligation mixes yielded an approximately 
1:1 ratio of blue:white colonies. Cultures were prepared from 5 white colonies per plate 
and DNA subsequently extracted (section 2.9.1). The DNA was analysed following 
restriction enzyme digestions (section 2.9.3) on a 0.8% agarose gel (section 2.11). 
Digestion with Sst I and Sal I produced fragments of approximately 970bp 
(corresponding to the cDeT6-19 promoter fragment) and 2.9kb (PCR-Script) in 2 of the 
DNA preps (Both derived from the 60:1 ligation mix), consistent with the successful 
insertion of the cDeT6-19 promoter fragment. The 970bp fragment was therefore 
excised from the gel and eluted (section 2.12). 
Meanwhile the second intermediate vector, p7AQ was prepared: vector DNA was 
digested with Sst I and Sal I before being treated with calf intestinal phosphatase 
(section 2.9.3). Subsequent analysis on a 0.8% agarose gel (section 2.11) revealed 
fragments of approximately 1.4kb and 4.1kb (Plate 5.2, Lane 2), corresponding to the 
CaMV 35S promoter region and the remaining p7AQ DNA respectively. The 4.1kb 
vector fragment was eluted from the gel (section 2.12) and ligated to the 970bp cDeT6-
19 promoter fragment. Transformation of competent E. coli JM 101 cells (section 2.8. 1) 
with ligation mixes containing insert:vector molar ratios of 10:1 yielded approximately 
200 colonies following overnight incubation at 37°C on L plates containing 100 jig/mI 
ampicillin. Cultures were prepared from 5 of these colonies and the DNA extracted 
(section 2.9. 1).DNA was then analysed, following restriction enzyme digestions 
(section 2.9.3), on a 0.8% agarose gel (section 2.11). Digestion with Sst I and Sal I 
(Plate 5.2, Lane 3) confirmed successful insertion of the cDeT6-19 promoter fragment 
in all of the DNA preps, producing fragments of approximately 970bp and 4.1kb, 
corresponding to the cDeT6-19 promoter fragment and p7AQ vector DNA respectively. 
Digestion with Not I (Plate 5.2, Lane 4) successfully excised the 2.4kb cDeT6-19-
apoaequorin-terminator cassette from the remaining vector DNA (running at 
approximately 2.7kb). Restriction analysis of one of these subclones, p7cDe-AQ (1), is 









Plate S. 2:  Restdction analysis of p7cDe-AQ (1) and p7AQ. 
Lane I: tj.tg 1kb DNA ladder markers (Life technologies, Ltd.). Sizes of DNA 
fragments are given in base pairs. 
Lane 2: p7AQ digested with Sst I and Sal I. Both enzymes cut this plasmid once 
excising the 1.4kb CaMV 35S promoter region from the remaining 4.1kb vector 
fragment 
Lane 3: p7cDe-AQ (1) digested with Sst I and Sal I showing excision of the 970bp 
cDeT6- 19 promoter region from the 4.1kb vector fragment 
Lane 4: p7cDe-AQ (1) digested with Not I. This enzyme cuts twice, either side of the 
expression cassette, excising the 2.4kb cDeT6-19-apoaequorin-teiminator fragment 
(lower band) from the remaining vector DNA (upper band, running at approximately 
2.7kb). 
The 2.4kb cDeT6- 19-apoaequorin-terminator cassette was then excised and eluted from 
lane 4 (section 2.12) before being cleaned and ligated into Not I digested pART 27. 
Transformation of Epicurian Coil XL 1-Blue supercompetent cells (Stratagene) (section 
2.8.3) with a ligation mix containing an insert:vector molar ratio of 10:1 yielded 3 white 
colonies following overnight incubation at 37°C on L plates containing 100pg/ml 
spectinomycin, 5004g/ml IPTO and 40pg/m1 X-gal. Cultures were prepared from all 3 
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colonies and the DNA extracted (section 2.9.1). DNA was analysed, following 
restriction enzyme digestions (section 2.9.3), on a 0.7% agarose gel (section 2.11). 
Digestion with Not I (Plate 5.3, Lane 3) confirmed the presence of the desired insert in 
I of the DNA preps (hereafter termed pMAQ 15), yielding fragments of 10.9kb (pART 
27) and 2.4kb (cDeT6-19-apoaequorin-terminator cassette). Restriction analysis with 
Barn HI (Plate 5.3, Lane 4) and Sal I (Plate 5.3, Lane 5) revealed that the orientation of 
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Plate 5.3: Restriction analysis of pMAQ 15. 
Lane 1: lig 1kb DNA ladder markers (Life technologies, Ltd.). Sizes of DNA 
fragments are given in base pairs. 
Lane 2: pART 27 vector digested with Not I. This enzyme cuts once in the MCS 
linearising the plasmid 
Lane 3: pMAQ 15 digested with Not I showing excision of the 2.4kb cDeT6-19 
prornoter-apoaequorin-terminator cassette from pART 27 vector DNA (10.9kb). 
Lane 4: pMAQ 15 digested with Bain HI. This enzyme cuts once in the apoaequorin 
coding region and once in the vector, yielding 2 fragments of 1.3kb and 12kb. 
Lane 5: pMAQ 15 digested with Sal I. This enzyme cuts once at the very end of the 
cDeT6-19 promoter region and twice in the vector, yielding 3 fragments of 
approximately 7.5kb, 3.9kb and I.M. 
175 
SstI 	Sal! 





























SpRIStR pnos-nptll-nos 3' 
oni Col El 
	
Sal I 
Figure 5.2: Schematic representation of the construction of pMAQ 15 
Reaction 1: ligation of PCR generated cDeT6- 19 promoter fragment into PCR-Script 
Reaction 2: replacement of the CaMV 35S promoter in p7AQ with the cDeT6-19 
promoter 
Reaction 3: ligation of the cDeT6- 1 9-apoaequorin-terminator cassette into pART 27 
Solid black fragments = cDeT6-19 promoter DNA, grey arrows = left and right borders 
of the T-DNA region, speckled arrows = lac Z, A = apoaequorin, T = ocs 3' terminator 
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5.3 Generation of pMAQ 16 
5.3.1 Amplification of promoter DNA using the polymerase chain 
reaction 
Oligonucleotide primers, complementary to the LTP promoter region, were designed to 
generate appropriate restriction sites at each end of the promoter for subsequent 
subcloning steps (Figure 5.3). Using these primers the DNA was amplified using the 
polymerase chain reaction (section 2.10) from double stranded template DNA 
(consisting of the LIP promoter fused to GUS in pBI101) kindly donated by Sharon 
Thoma (Michigan State University, U.S.A.). 
Oligo P2212 
SstI 	Not  
5 1 	 3 1 
CAGTGAGCTCGCGGCCGCAATCTCAAAACCAAAG 
GGATTCTCTAGTTATACGAGCTCCTAG 
3! 	 5! Xho I 
Oligo P2213 
Figure 5.3: Oligonucleotide primers P2212 and P2213 used for the amplification of 
the Ltp promoter region. Primers were synthesized by Oswel DNA Services 
(Southampton, U.K.). 
Analysis of polymerase chain reactions on a 0.8% agarose gel (section 2.11) 
revealed successful generation of the LTP promoter DNA, running at approximately 
1.2kb (Plate 5.4, Lane 2). This fragment was then excised from the gel and eluted 







Plate 5.4: Analysis of polymerase chain reaction products by agarose gel 
electrophoresis. 
Lane 1: 1ig 1kb DNA ladder markers (Life Technologies, Ltd.), lane 2: 5i.Il  UP 
amplification reaction, lane 3: 5pJ no template DNA control, lane 4: 5iil  no primer 
control, lane 5: 5p.l no dNTPs control, lane 6: 5p1 no biopolythermase control. Sizes of 
DNA fragments are given in base pairs. Primers can be seen clearly at the end of lanes 2 
and 3. 
5.3.2 Construction of pMAQ 16 
The eluted, blunt-ended LTP promoter fragment was then ligated into PCR-Script 
(Stratagene) according to the supplier's protocol. Ligations were set up with 
insert:vector molar ratios of 40:1, 60:1 and 100:1 and the ligation mixes used to 
transform Epicurian Co/i XL1-Blue supercompetent cells (Stratagene) as described in 
section 2.8.3. Transformants were selected on L plates containing lOOjig/mi anipicillin, 
500p.gIml IPTG and 40pg/ml X-gal. Following overnight incubation at 37°C, plates 
with cells transformed with the 100:1 ligation mix yielded an approximately 2:3 ratio of 
blue:white colonies. Cultures were prepared from 5 white colonies and the DNA 
extracted (section 2.9.1). The DNA was analysed following restriction enzyme 
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digestions (section 2.9.3) on a 0.8% agarose gel (section 2.11). Digestion with Sst I 
and Xho I confirmed successful insertion of the LTP promoter fragment in 3 of the 
DNA preps, yielding fragments of 1.15kb (corresponding to the UP promoter 
fragment) and 2.9kb (PCR-Script). The 1.15kb fragment was therefore excised from 
the gel and eluted (section 2.12). 
The second intermediate vector, p7AQ was prepared as in section 5.2.2, except in this 
case the CaMV 35S promoter was excised by digestion with Sst I and Xho I (Plate 
5.5, Lane 2). The eluted LTP promoter fragment was then ligated into the vector DNA. 
Electroporation of electro-competent E. coli JM101 cells (section 2.8.2) with ligation 
mixes containing insert:vector molar ratios of 10:1 yielded 25-50 colonies per plate 
following overnight incubation at 37°C on L plates containing 100.tg/m1 ampidillin. 
Cultures were prepared from 10 of these colonies and the DNA extracted (section 
2.9.1). DNA was analysed, following restriction enzyme digestions (section 2.9.3), on 
a 0.8% agarose gel (section 2.11). Digestion with Sst I and Xho I (Plate 5.5, Lane 3) 
confirmed the presence of the 1.15kb LTP promoter insert in only one of the DNA 
preps, producing fragments of 1.15kb and 4.1kb, corresponding to the LIP promoter 
fragment and p7AQ vector DNA respectively. Digestion of this prep, p7LIP-AQ, with 
Not I (Plate 5.5, Lane 4) successfully excised the 2.65kb LIP-apoaequorin-terminator 
cassette from the remaining vector DNA (running at 2.85kb). Restriction analysis of 








Plate 5.5: Restriction analysis of p7LTP-AQ and p7AQ. 
Lane 1: 1pg 1kb DNA ladder markers (Life Technologies, Ltd.) Sizes of DNA 
fragments are given in base pairs. 
Lane 2: p7AQ digested with Sst I and Xho I. Both enzymes cut this plasmid once 
excising the 1.4kb CaIVIV 35S promoter region from the remaining 4.1kb vector 
fragment. 
Lane 3: p7LTP-AQ digested with Sst I and Xho I showing excision of the 1.15kb 
LTP promoter region from the 4.1kb vector fragment 
Lane 4: p7LTP-AQ digested with Not I. This enzyme cuts twice, either side of the 
expression cassette, excising the 2.65kb LTP-apoaequorin-terminator fragment (lower 
band) from the remaining vector DNA (upper band, running at 2. 85kb). 
The 2.65kb LTP-apoaequorin-terminator cassette was then excised and eluted from lane 
4 (section 2.11) before being cleaned and ligated into Not I digested pART 27. 
Transformation of Epicurian Co/i XL 1-Blue supercompetent cells (Stratagene) (section 
2.8.3) with a ligation mix containing an insert:vector molar ratio of 10:1 yielded a 2:1 
ratio of blue:white colonies following overnight incubation at 37°C on L plates 
containing 10Oig/m1 spectinomycin, 500jig/ml IPTG and 40ig/ml X-gal. Cultures 
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were prepared from 10 white colonies and DNA extracted (section 2.9.1). The DNA 
was then analysed, following restriction enzyme digestions (section 2.9.3), on a 0.7% 
agarose gel (section 2.11). Digestion with Not I (Plate 5.6, Lane 3) confirmed the 
presence of the expression cassette in 4 of the DNA minipreps (hereafter termed pMAQ 
16.1, 16.2, 16.3 and 16.4), yielding fragments of 10.9kb (pART 27) and 2.65kb 
(LTP-promoter-apoaequorin-terminator cassette). Restriction analysis with Barn HI 
(Plate 5.6, Lane 4) and Sal I (Plate 5.6, Lane 5) revealed that 3 of the DNA preps 
(pMAQ 16.1, 16.2 and 16.3) contained the LTP promoter-apoaequorin-terrmnator 
cassette in the orientation shown in Figure 5.4, whereas insertion in pMAQ 16.4 had 
occurred in the reverse orientation. As T-strand transfer from Agrobacterium to the 
plant genome is thought to proceed from right to left border via a 5 - 3' mechanism 
(Wang et al., 1984), constructs containing the expression cassette in the first orientation 
were chosen for Agrobacrerium-mediated leaf disc transformation. Restriction analysis 
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Plate 5.6: Restriction analysis of pMAQ 16. I. 
Lane 1: 1pg 1kb DNA ladder markers (Life Technologies, Ltd.). Sizes of DNA 
fragments are given in base pairs. 
Lane 2: pART 27 vector cut with Not I. This enzyme cuts once in the MCS linearising 
the DNA 
Lane 3: pMAQ 16.1 digested with Not I showing excision of the 2.65kb LTP 
promoter-apoaequorin-terminator cassette from pART 27 vector DNA (10.9kb) 
Lane 4: pMAQ 16.1 digested with Barn HI. This enzyme cuts once in the apoaequorin 
coding region and once in the vector, yielding 2 fragments of 1.3kb and 12.2kb 
Lane 5: pMAQ 16.1 digested with Sal I. This enzyme cuts once at the very beginning 
of the apoaequorin coding region and twice in the vector, yielding 3 fragments of 
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Figure 5.4: Schematic representation of the construction of pMAQ 16 
Reaction 1: ligation of PCR generated LTP promoter fragment into PCR-Script 
Reaction 2: replacement of the CaMV 35S promoter in p7AQ with the LiP promoter 
Reaction 3: ligation of the LTP-apoaequorin-terminator cassette into pART 27 
Solid black fragments = LTP promoter DNA, grey arrows = left and tight borders of 
the T-DNA region, speckled arrows = lac Z, A = apoaequorin, T = ocs 3' terminator 
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5.4 Production of transgenic N. plumbaginifolia plants 
A. tumefaciens LBA4404 competent cells were first transformed with either pMAQ 15, 
pMAQ 16.1, 16.2 or 16.3 as described in section 2.13.2. Transformants were selected 
on L plates containing lOOj.Lg/ml streptomycin, lOOj.tg/ml spectinomycin, 500j.tg/ml 
IPTG and 40j.tg/ml X-gal. Following a 48 hour incubation at 28°C each transformation 
plate yielded 25-50 white colonies. Cultures were prepared from 2 colonies per plate 
and the DNA extracted (section 2.13.3). Restriction analysis of each DNA prep with 
Not I, Barn HI and Sal I (section 2.9.3) confirmed the presence and the stability of the 
inserts in each construct. Constructs were then incorporated into wild type N. 
plumbaginfolia tissue via Agrobacterium -mediated leaf disc transformation as 
described in section 2.14. In total 41 putative MAQ 15 and 44 putative MAQ 16 
plantlets were regenerated from callus and allowed to go to seed. 
5.5 Screening of F1 seedlings 
5.5.1 Preliminary selection of putative F1 transformant seedlings 
Seeds from each of the parent plants were germinated and putative transformants 
selected on the basis of kanamycin resistance (section 2.2.1). As a result of this 
preliminary selection procedure (illustrated in Plate 5.7), 25 putative transformant MAQ 
15 lines and 30 putative MAQ 16 lines were selected for further screening. 
Plate 5.7: Preliminary screening of putative transformant F 1 lines on the basis of 
kanamycin resistance. F1 lines yielding a ~3:1 ratio of green (kanarnycin resistant) 
white (kanamycin sensitive) seedlings, as illustrated here, were selected for further 
screening. 
5.5.2 In vitro screening of putative F1 transformant lines for functional 
aequorin 
Prior to in vitro screening for functional aequorin, putative MAQ 15 F1 
transformants were treated with lOOpM ABA to induce expression of apoaequorin 
(section 2.2.2). Total protein was then extracted from all putative MAQ 15 and 
MAQ 16 F1 lines (section 2.15. 1) and quantified (section 2. 15.2). Active aequorin 
was then reconstituted in 25tg aliquots of each protein extract and functional 
aequorin discharged with 100mM CaC12 in the lurninometer (section 2.15.3). Total 
Ca2 -dependent aequorin luminescence discharged from each putative MAQ 15 and 
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Figure 5.5: Ca2 -dependent aequorin luminescence detected in total protein extracts 
of putative transformant MAQ 15 F1 lines upon in vitro discharge of functional 
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Figure 5.6: Ca2 -dependent aequorin luminescence detected in total protein extracts 
of putative transformant MAQ 16 F1 lines upon in vitro discharge of functional 
aequorin with 100mM CaC12. Total counts were recorded over 10 seconds. 
186 
Considerable variation was observed in the levels of functional aequorin detected in 
both MAQ 15 and MAQ 16 seedlings, probably due to positional effects from insertion 
of the expression cassette in different sites of the genome. The highest expressing MAQ 
15 line was MAQ 15.11, yielding over 43,000,000 counts 10 seconds - ' upon discharge 
of aequorin with 100mM CaC12, and the highest expressing MAQ 16 line was MAQ 
16.42, yielding 230,175 counts 10 seconds -1 . Both of these were significantly lower 
than the levels of Ca 2 -dependent aequorin luminescence discharged from 25pg of 
MAQ 2.4 total protein, yielding 93,578,000 counts 10 seconds -1 , as would be expected 
of transgenics only expressing apoaequorin in a particular cell type. For comparison, no 
significant Ca2 -dependent aequorin luminescence was detected from 2599  total protein 
extracted from either wild type N. p1umbaginfolia or non-ABA-treated MAQ 15 lines. 
5.5.3 Western blotting analysis 
The highest expressing MAQ 15 and MAQ 16 lines were then tested for expression of 
apoaequorin by western blotting. Total protein extracts from the best 5 MAQ 15 and 
MAQ 16 lines, together with extracts from MAQ 2.4 and wild type seedlings as 
controls, were run on 12% acrylamide protein gels against 1 .5j.tl rainbow coloured 
protein molecular weight markers (Amersham International plc, Buckinghamshire, 
U.K.) as described in section 2.16.1. Proteins were then blotted onto nitrocellulose 
(section 2.16.2) and challenged with polyclonal mouse anti-aequorin antisera (section 
2.16.3). Western blot analysis of MAQ 15 and 16 protein extracts are shown in Plates 
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Plate 5.8: Western blot analysis of total proteins extracted from F1 MAQ 15 
transformants 
Lane 1: 2.5pg wild type total protein 
Lane 2: 2.5 jig MAQ 2.4 total protein 
Lane 3: 1 .5pJ rainbow protein molecular weight markers (Arnersham International plc, 
Buckinghamshire, U.K.). Protein sizes are given in kDa 
Lane 4: Sjig MAQ 15.11 total protein (extracted from non-ABA-treated seedlings) 
Lane 5: 5pg MAQ 15.2 total protein (extracted from ABA-treated seedlings), 
Lane 6: 5pg MAQ 15.7 total protein (extracted from ABA-treated seedlings), 
Lane 7: 5ig MAQ 15.11 total protein (extracted from ABA-treated seedlings). 
Lane 8: 5pg MAQ 15.17 total protein (extracted from ABA-treated seedlings), 
Lane 9: Sjig MAQ 15.18 total protein (extracted from ABA-treated seedlings). 
Immunodetection revealed the presence of aequorin, running at approximately 26kDa, 
in extracts of all ABA-induced MAQ 15 lines (Plate 5.8, Lanes 5-9) and MAQ 2.4 
(Plate 5.8, Lane 2). It was not detected in protein extracts of either wild type seedlings 
(Plate 5.8, Lane 1) or uninduced MAQ 15.11 seedlings (Plate 5.8, Lane 4). Aequorin 
represented a lower percentage of total protein in MAQ 15 lines compared with MAQ 
2.4, (reflected by the greater amounts of total protein required to detect aequorin in all 
MAQ 15 lines) confirming the lower levels of expression in these transgenics. Western 
blotting further confirmed MAQ 15.11 to be the highest expressing MAQ 15 line (Plate 
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Plate 5.9: Western blot analysis of total proteins extracted from F, MAQ 16 
transformants 
Lane 1: 1.5p1 rainbow protein molecular weight markers (Amersham International plc, 
Buckinghamshire, U.K.). Protein sizes are given in kDa 
Lane 2: 12jtg wild type total protein 
Lane 3: 12p.g MAQ 2.4 total protein 
Lane 4: lOpg MAQ 16.1 total protein 
Lane 5: 10p.g MAQ 16.4 total protein 
Lane 6: 10ig MAQ 16.40 total protein 
Lane 7: 1(4tg MAQ 16.42 total protein 
Lane 8: lOp.g MAQ 16.44 total protein 
The 26kDa protein, corresponding to aequorin, was again clearly visible in the MAQ 
2.4 extract (Plate 5.9, Lane 3) and to a lesser extent in all 5 MAQ 16 extracts (Plate 5.9, 
Lanes 4-8). It was not detected in protein extracts of wild type seedlings (Plate 5.9, 
Lane 2). lOjig total protein was required to visualise aequorin in all MAQ 16 extracts, 
again illustrating the lower levels of apoaequorin expression in the MAQ 16 
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transformants. Western blotting also confirmed MAQ 16.42 to be the highest 
expressing MAQ 16 line (Plate 5.9, Lane 7). 
As a result of these analyses MAQ 15.11 and MAQ 16.42 were selected for further 
experimentation. 
5.6 Localisation of apoaequorin expression in transgenic lines 
of N. plumbaginifolia 
It is clear from the western blot analyses shown in Plates 5.8 and 5.9 that the polyclonal 
antisera raised against aequorin exhibited a high degree of non-specific cross-reactivity, 
making it unsuitable for immunolocalisation studies. To ensure that expression of 
apoaequorin was confined largely to the guard cells of MAQ 15.11 and MAQ 16.42 it 
was therefore necessary to devise an alternative approach. Since imaging studies with 
MAQ 2.4 seedlings had recently demonstrated that the vast majority of cell types in 
these seedlings respond to cold shock with immediate, transient increases in [Ca 2 ]t-
dependent aequorin luminescence (Helen Page, unpublished observations. University 
of Edinburgh), a possible alternative to immunolocalisation was to image the cold shock 
responses of the guard cell 'targeted' transgenic plants. However, as in vitro screening 
and western blotting analysis showed that the levels of apoaequorin expression in MAQ 
15.11 and MAQ 16.42 were much lower than those in MAQ 2.4 (sections 5.5.2 and 
5.5.3), seedlings were first imaged at low magnification to establish whether cold 
shock-induced [Ca2 ]-dependent aequorin luminescence in these lines could be 
detected. 
Seedlings were therefore germinated and grown as described in section 2.2.1, and 
expression of apoaequorin induced in MAQ 15.11 seedlings with ABA (section 2.2.2). 
Following reconstitution of active aequorin in vivo (section 2.3. 1) the cold shock 
responses of MAQ 15.11 and MAQ 16.42 seedlings were imaged at xl using a 
Berthold LB980 intensified tube camera (section 2.3.4). Representative images and 
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Plate 5.10: Cold shock-induced [Ca21-dependent  aequolin luminescence of 2 
week old transgenic and wild type N. pluinbagimfolia seedlings 
Bright field image. Clockwise from top left: MAQ 2.4, wild type. MAQ 16.42, MAQ 
15.11. Magnification xl. 
Corresponding luminescent image of peak cold shock-induced luminescence 
observed in seedlings 10 seconds after the administration of cold shock. Images were 
collected over 6 second intervals (2 x 3 second integrations). Magnification xl. 
Timecourse of mean luminescence in MAQ 2.4, wild type, MAQ 16.42 and MAQ 
15.11 seedlings. Standard errors never exceeded 30.3 photons 6 seconds' seedling 1 
(n=3). 
Mean temperature of peltier stage. Vertical bars represent standard errors. (n=3). 
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As soon as the temperature of the peltier stage was dropped below 5°C transient 
increases in [Ca2]-dependent  aequonn luminescence were detected in all 3 
transgenic lines. No increase was observed in wild type seedlings. MAQ 2.4 seedlings 
exhibited the largest response, lasting for approximately 30 seconds and peaking at 
7839 ±29.2 photons 6 seconds -1 seedling-1 . The responses of MAQ 15.11 and MAQ 
16.42 showed the same kinetics but were approximately 4 and 38 fold smaller 
respectively. Cold shock-induced [Ca 2 ] t-dependent aequorin luminescence was 
apparent in all parts of MAQ 2.4 seedlings, whereas in MAQ 15.11, detected 
luminescence was confined to the cotyledons and the meristematic area. In MAQ 16.42 
luminescence was just visible in the left cotyledon. 
Individual MAQ 15.11 and MAQ 16.42 seedlings were then imaged at x2 to determine 
the expression pattern of apoaequorin more clearly. Representative examples of ABA-
treated MAQ 15.11 and non-ABA-treated MAQ 15.11 are shown in Plates 5.11 and 
5.12 respectively. 
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Plate 5. 11: Peak cold shock-induced [Ca 2 ] 1-dependent aequorin luminescence of a 
2 week old ABA-treated MAQ 15.11 seedling 
Bright field (x2 magnification). 
Corresponding luminescent image (x2 magnification) showing peak cold shock-
induced luminescence observed 10 seconds after the administration of cold shock. 
Images were collected over 6 second intervals (2 x 3 second integrations). 
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Plate 5.12: 	 ,yt-dependent aequorin luminescence of a 2 week old non-ABA- 
treated MAQ 15.11 seedling 
Bright field (x2 magnification). 
Corresponding luminescent image (x2 magnification) observed 10 seconds after the 
administration of cold shock. Images were collected over 6 second intervals (2 x 3 
second integrations). 
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Unfortunately, cold shock-induced increases in [Ca 2 ]-dependent aequorin 
luminescence proved too low to be imaged successfully in any of the MAQ 16.42 
seedlings tested at this magnification (Data not shown). Similarly no response was 
detected in non-ABA-treated MAQ 15.11 seedlings. 
In ABA-treated MAQ 15.11 seedlings however, cold shock-induced increases in 
[Ca2 ]-dependent aequorin luminescence were detected, primarily in the cotyledons, 
although with smaller contributions from the meristematic region, hypocotyl and stem, 
as illustrated in Figure 5.7. Quantification of detected luminescence (section 2.3.4) 
revealed that 76.8 ±2.1% of this peak luminescence emanated from the cotyledons, 
whilst only 18.6 ±2.6% emanated from the meristem I hypocotyl, and 4.25 ±1.7% 
from the stem. No luminescence was detected in the roots. 
Since the majority of cold shock-induced [Ca 2 ]-dependent aequorin luminescence 
detected in these seedlings emanated from the cotyledons, it is conceivable that this 
reflected successful 'targeting' of apoaequorin to the guard cells, indeed the pattern of 
luminescence was largely consistent with the distribution of stomata in the cotyledons. 
However, the expression pattern could not be clarified further as cold shock-induced 
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Figure 5.7: Location of cold shock-induced increases in [Ca 2 ] t-dependent 
aequorin luminescence observed in 2 week old MAQ 15.11 seedlings treated with 
100iM ABA for 32 hours 
Timecourse of mean luminescence of cotyledons, roots, stem, meristem and 
hypocotyl. Standard errors never exceeded 22.6 photons 6 seconds -1 measurement 
area- ' (n=3). Images were collected over 6 second intervals (2 x 3 second integrations) 
at magnification x2. 
Mean temperature of peltier stage. Vertical bars represent standard errors. (n=3) 
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To determine whether apoaequorin expression could be increased by lengthening the 
incubation time in ABA, the cold shock responses of MAQ 15.11 seedlings treated with 
100iM ABA for 50 hours were imaged at x2 (section 2.3.4). A representative example 
is shown in Plate 5.13. 
Quantification of detected luminescence (section 2.3.4) revealed that peak cold shock-
induced increases in [Ca2 ] t-dependent aequorin luminescence were greater in these 
seedlings compared to those exposed to ABA for only 32 hours, yielding 9679 ± 50.8 
and 7721 ± 14 photons 6 seconds - ' seedling-1 respectively. In MAQ 15.11 seedlings 
treated for 50 hours with 100tIvI ABA cold shock-induced increases in [Ca 2 ] t -
dependent aequorin luminescence were also primarily observed in the cotyledons, 
accounting for 64.9 ± 2.2% of the total peak luminescence detected. 
However, statistical analysis of mean luminescence emanating from other parts of these 
seedlings (t-test, see Appendix B) revealed that this longer exposure to 100pM ABA 
also resulted in significantly increased responses in the stem and roots (at P = 0.05) 
compared with seedlings exposed to ABA for only 32 hours. Luminescence detected 
from the stem and roots accounted for 27.9 ± 1.9% and 1.9 ± 0.5% of the total peak 
luminescence respectively. Interestingly, smaller contributions from the meristem and 
hypocotyl were observed in these seedlings, compared to those exposed to ABA for 
only 32 hours, accounting for only 5.3 ±0.8% of the total peak luminescence. 
The distribution of cold shock-induced [Ca 2 ]-dependent aequorin luminescence 
observed in MAQ 15.11 seedlings treated with ABA for 50 hours is shown in Figure 
M. 
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Plate 5.13: Peak cold shock-induced CaH1-dependent  aequonn ! Lill] inesence III it 
2 week old MAQ 15.11 seedling treated with 100pM ABA for 50 hours 
bright field image (x2 magnification) 
corresponding luminescent image (x2 magnification) 
Luminescent image represents peak cold shock-induced luminescence observed 10 
seconds after the administration of cold shock. Images were collected over 6 second 
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Figure 5.8: Location of cold shock-induced increases in [Ca 2 ]t-dependent 
aequorin luminescence observed in 2 week old MAQ 15.11 seedlings treated with 
100iM ABA for 50 hours 
Timecourse of mean luminescence of cotyledons, roots, stem, meristem and 
hypocotyl. Standard errors never exceeded 50.8 photons 6 seconds-1 measurement 
area' (n=3). Images were collected over 6 second intervals (2 x 3 second integrations). 
Magnification xl. 
Mean temperature of peltier stage. Vertical bars represent standard errors. (n=3) 
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5.7 Responsiveness of ABA-treated MAQ 15.11 stomata to 
further additions of exogenous ABA 
To ensure that guard cell function in MAQ 15.11 seedlings was not adversely affected 
by the 32 hour exposure to 100pM ABA, and subsequent overnight incubation in 5pM 
coelenterazine, stomata in both ABA-treated and non-ABA-treated seedlings were tested 
for their ability to close in response to further additions of exogenous ABA. Seedlings 
were floated on de-ionised H20 for 32 hours in darkness, in the presence or absence of 
100.tM ABA, before being transferred to clean petri dishes and incubated overnight in 
51iM coelenterazine. They were then transferred to 10mM MES, 2.5mM K2SO4, 
50mM KC1 pH6.0 (to provide a source of anions and cations) and illuminated by 
natural white light for 3 hours prior to the start of experimentation (at t=0 minutes). At 
t=20 minutes 10tM ABA was added to each sample group. Aperture measurements 
were made (section 2.5.2) from randomly selected seedlings from each sample group at 
20 minute intervals throughout the experiment. The results are shown in Figure 5.9. 
Statistical analysis of the data presented in Figure 5.9 (t-test, see Appendix B) revealed 
no significant difference between mean stomatal apertures attained in ABA- and non-
ABA-treated MAQ 15.11 seedlings after 3 hours of illumination (at P = 0.05). 
Furthermore, no significant difference was found between the 2 groups in terms of 
mean rates of ABA-induced closure or mean apertures attained throughout the time 
course. Stomata in seedlings exposed to 100pM ABA for 32 hours appeared to open 
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Figure 5.9: A comparison of the ABA-responsiveness of stomata in 2 week old MAQ 
15.11 seedlings incubated for 32 hours in either the presence or absence of 100 jiM 
ABA. 
Values represent mean stomatal apertures measured from non-ABA-treated seedlings 
(-0—), and ABA-treated seedlings (_S ). lOj.iM ABA was added to each sample 
group at t=20 minutes, as indicated by the arrow. Aperture measurements were made 
from 5 seedlings sample group', 5 stomata seedling -1 . Vertical bars represent standard 
errors. 
5.8 Summary 
Several transgenic lines of N. plumbaginfolia have been produced containing the 
apoaequorin coding region under the control of 2 promoters thought to direct 
expression predominantly in guard cells. In vitro screening assays and western blot 
analysis confirmed successful insertion of apoaequorin into the plant genome and 
revealed MAQ 15.11 and MAQ 16.42 to be the highest expressing lines, although 
apoaequorin expression in both lines was much less than that observed in MAQ 2.4 
seedlings (expressing apoaequorin under the control of the CaMV 35S promoter). 
Imaging studies revealed that LTP 1 promoter driven apoaequorin expression was 
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confined to the cotyledons of 2 week old MAQ 16.42 seedlings, although the low levels 
of expression precluded further localisation studies. 
This study has also shown that the tissue-specific regulation of cDeT6-19 promoter 
activity is highly dependent on ABA-induction conditions, and that in MAQ 15.11 
seedlings incubated in 1OO.tM ABA for 32 hours apoaequorin was localised 
predominantly in the cotyledons. This expression pattern was consistent with guard cell 
'targeted' expression and stomatal function was not adversely affected by incubation 
conditions required to induce tissue-specific expression of apoaequorin. In the 
following chapter, these 2 transgenic lines will be used to investigate further the role of 
Ca2 in the transduction of external signals in guard cells. 
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Chapter 6 
Studies with Transgenic Guard Cell 'Targeted' 
N. plumbaginifolia 
6.1 Introduction 
Data obtained with epidermal strips during this study have suggested that increases in 
guard cell [Ca2 ] t play a key role in effecting stomatal closure in response to 
mechanical disturbance, cold shock and the phytohormone ABA (Chapter 4). The 
production of 2 new transgenic lines of N. plumbaginfolia, MAQ 15.11 and MAQ 
16.42, containing apoaequorin putatively 'targeted' to the guard cell cytosol, now 
provides an excellent opportunity both to compare the Ca 2 responses observed in 
epidermal strips with those in the intact plant, and to continue investigation into the 
mechanism(s) whereby mechanical, cold and ABA signals may be translated into 
changes in guard cell [Ca2 ]. 
Thus far, epidermal strip studies have suggested that cold shock-induced increases in 
[Ca2+] cyt arise primarily as a result of influx of extracellular Ca 2 across the plasma 
membrane (section 4.3.2). However, since the [Ca 2+] cyt response was only partially 
inhibited by the membrane impermeable Ca 2 chelator, EGTA and the putative plasma 
membrane Ca2 -channel blocker, LaC13, it seems likely that Ca 2 -release from 
intracellular stores may also be involved. The importance of intracellular Ca 2 -
mobilisation in guard cell stimulus-response coupling was also indicated by the 
observations that mechanically- and ABA-induced increases in [Ca 2+] Cyt  were not 
inhibited by EGTA or LaC13 (sections 4.3.1 and 4.3.3 respectively). 
There are a number of possible mechanisms whereby stimuli such as mechanical 
disturbance, cold shock and exogenous ABA, might induce Ca 2 -release from 
intracellular stores in guard cells. For example, an initial stimulus-induced influx of 
Ca2 across the plasma membrane may influence Ca 2 -release from intracellular stores 
via Ca2 -induced Ca2 -release (CICR). Alternatively, or indeed additionally, the 
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stimulus may influence the activities of Ca 2 -channels within organellar membranes, 
either directly or via stimulus-induced phosphoinositide turnover and subsequent 1P3-
induced Ca2 -release (11CR). 
While it is recognised that the mechanisms of stimulus-induced intracellular Ca 2 -
release may be dependent on the nature of stimulation, it is notable that stimulation of 
phosphoinositide turnover, and subsequent accumulation of 1P3, has been demonstrated 
in plants in response to ABA (Lee et al., 1996), mechanical stress (Thonat et al., 199 1) 
and low temperatures (Smolenska-Sym and Kacperska, 1994). Since, the photolytic 
release of caged 1P3 in the guard cell cytosol triggers the release of Ca 2 from 
intracellular stores (Blatt et al., 1990) and stomatal closure (Gilroy et al., 1990), it is 
conceivable that phosphoinositide turnover and subsequent 1P3-mediated Ca 2 -release 
from intracellular stores may play a role in the transduction of a variety of closing 
stimuli in guard cells. 
G-proteins have also been implicated in the events leading up to stomatal closure and 
evidence available to date suggests that their primary mode of action is the modulation 
of inward rectifying K channels in the guard cell plasma membrane (section 1.4.7.2). 
However, there is some controversy as to precisely how activated G-proteins inhibit the 
inward K current during stomatal closure; some research has indicated that these 
proteins exert their effects in a Ca 2 -independent membrane-delimited pathway (Wu and 
Assman, 1994; Armstrong and Blatt, 1995), while other work has indicated that 
activation of G-proteins inhibits the inward K channels by inducing an increase in 
[Ca2 ] (Fairley-Grenot and Assman, 1991), conceivably by coupling the 
transmission of closing stimuli to phosphoinositide turnover in a pathway analogous to 
that observed in many animal systems (section 1.1.2). 
A number of studies have also indicated a role for CaM during stomata! closure (section 
1.4.7.3). The evidence available thus far indicates that this Ca 2 -binding protein 
primarily influences stomatal behaviour downstream of Ca 2 , via the modulation of ion 
channel activities by Ca2 -CaM-dependent protein phosphorylationldephosphorylation 
reactions (Luan et al., 1993; Cousson et al., 1995; Cotelle et al., 1996). However, 
FMI 
since CaM is also known to modulate a variety of Ca2 channels and pumps in a 
number of cell types (Robinson et al., 1988; Chen et al., 1993; Gilroy and Jones, 1993; 
Zhang et al., 1993), the possibility that CaM may play a role in the regulation of 
stimulus-induced changes in guard cell [Ca 2 ] also warrants investigation. 
In this chapter it is therefore proposed firstly, to compare the mechanical, cold shock 
and ABA responses of the 2 new guard cell 'targeted' transgenic lines with those 
previously observed in epidermal strips and secondly, using a range of chemical 
inhibitors, to assess the relative contributions of stimulus-induced Ca 2 -influx from 
intracellular and extracellular sources, and to investigate the possibility that 
phosphoinositide turnover (possibly activated by a coupling G-protein) and CaM may 
play a role in stimulus-induced Ca 2 -release from intracellular stores. 
Finally, in view of the evidence that Ca 2 plays a key role in the regulation of stomatal 
aperture in response to environmental stimuli, it is conceivable that changes in guard 
cell [Ca2 ] t may also be involved in the circadian regulation of stomatal behaviour 
(discussed in section 3.2.12). It is therefore proposed, using the 2 new transgenic 
lines, to investigate the possibility that guard cells exhibit rhythmic changes in 
[Ca2 ] cyt• 
6.2 Results 
6.2.1 Responses of MAQ 15.11 and MAQ 16.42 to mechanical 
perturbation 
F1 seedlings were germinated and grown as described in section 2.2.1 and expression 
of apoaequorin in MAQ 15.11 induced by incubation in 100RM ABA (section 2.2.2). 
Aequorin was then reconstituted in vivo (section 2.3. 1) before transferring individual 
seedlings to 0.5m1 deionised water in luminometer tubes for luminescence 
measurements (section 2.3.2). Mechanical stimuli were applied in the luminometer by 
the injection of 0.5m1 deionised water (at room temperature) into the sample housing 
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over 1 second. Counts were recorded over 40 seconds and the results are shown in 
Figure 6.1. 
o- 	, 1sec 	 41sec 	I 	 I 
40 secs 
5 	 4,1 sec 	 sec 
ABA-treated non-ABA-treated MAQ 16.42 	wild type 
MAQ15.11 	MAQ15.11 
Figure 6.1: The effect of mechanical stimulation on [Ca 2 ] in F1 seedlings of 
transgenic N. p1umbaginfo1ia containing apoaequorin putatively 'targeted' to the guard 
cell cytosol. 
Data presented are representative traces of [Ca 2 ] observed in ABA-treated and non-
ABA-treated MAQ 15.11, and in MAQ 16.42 and wild type seedlings upon injection of 
0.5m1 deionised water over 1 second, as indicated by the arrows. Mechanically-induced 
[Ca2 ] transients were quantified following determination of Lum mu as described in 
section 2.4.1. 
Immediate and transient elevations of [Ca 2 ] were detected in response to mechanical 
stimulation in ABA-treated MAQ 15.11 and MAQ 16.42 seedlings, but not in wild type 
or non-ABA-treated MAQ 15.11 seedlings. Mechanical stimulation of ABA-treated 
MAQ 15.11 and MAQ 16.42 seedlings induced elevations in [Ca 2 ] of 8.7 ± 0.81jiM 
(n = 6) and 6.4 ± 0.72RM (n = 10) respectively, returning to resting levels after 10-15 
seconds. Once [Ca2 ] had returned to resting levels, no further response was observed. 
Statistical analysis (t-test, Appendix B) of mean mechanically-induced increases in 




responses observed in the two transgenic lines. No response was observed in either 
transgenic line upon slower injections of deionised water, probably as a result of 
technical limitations in detecting such low levels of luminescence. 
In an effort to assess the relative contributions of Ca 2 -influx from intracellular and 
extracellular sources to mechanically-induced increases in [Ca 2 ], ABA-treated MAQ 
15.11 seedlings and MAQ 16.42 seedlings were then incubated in either EGTA or 
ruthenium red prior to stimulation. Seedlings were also treated with either suramin, 
neomycin sulphate or W-7 to investigate the possible involvement of G-protein coupled 
phosphoinositide turnover and CaM in the generation of mechanically-induced [Ca 2 '] 
transients. Seedlings were therefore prepared as before and incubated in inhibitor 
solutions for 30 minutes before being transferred to luminometer tubes for 
luminescence measurements. Mechanical stimuli were applied in the luminometer by the 
injection of 0.5m1 of deionised water over 1 second as before, and counts recorded over 
60 seconds. The results obtained with MAQ 15.11 and MAQ 16.42 are shown in 
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Figure 6.2: The effect of inhibitors on mechanically-induced elevation of [Ca 2 ] in N. 
plumbaginfolia MAQ 15.11 
Representative traces of [Ca 2 ] observed in response to injection of 0.5m1 deionised 
water over 1 second, as indicated by the arrows, in ABA-treated MAQ 15.11 seedlings 
pre-incubated for 30 minutes in the absence of inhibitors (control), or in the presence of 
1mM EGTA, 5OjiM ruthenium red (RR), 100tM suramin (Sur), 100pM neomycin 
sulphate (Neo) or 200jiM W-7. 
Mean peak [Ca2 ] observed in response to injection of 0.5m1 deionised water over 1 
second in ABA-treated MAQ 15.11 seedlings pre-incubated in the absence (control) or 
presence of inhibitors. Luminescence was measured from 6 seedlings treatment -1 . 
Vertical bars represent standard errors. Mechanically-induced [Ca 2 ] transients were 
quantified following determination of Lumm as described in section 2.4.1. 
Although there was a great deal of variation in the size of the [Ca 2 ] response between 
different inhibitor treatments, statistical analyses (t-tests, Appendix B) of mean 
mechanically-induced increases in [Ca 2 ] revealed that pre-treatment of seedlings with 
EGTA, suramin, neomycin sulphate and W-7 did not significantly inhibit the size of the 
[Ca2 ] response compared with control seedlings incubated in the absence of inhibitors 
(at P = 0.05), although it should be noted that EGTA and neomycin appeared to slightly 
prolong the duration of mechanically-induced [Ca 2 ] transients. In seedlings pre-treated 
with ruthenium red however, the size of mechanically-induced [Ca 2 ] transients were 
significantly inhibited (at P = 0.05), with peak luminescence reduced by 48.1 ± 2.06% 
compared with controls. 
A great deal of variation in the size of the [Ca 2 ] response between different inhibitor 
treatments was also observed with MAQ 16.42 seedlings (Figure 6.3). Statistical 
analyses (t-tests, Appendix B) of mean mechanically-induced increases in [Ca 2 ] 
however revealed that none of the pre-treatments had any significant effect (at P = 0.05) 
on the size of mechanically-induced [Ca 2 ] transients compared with control seedlings 
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Figure 6.3: The effect of inhibitors on mechanically-induced elevation of [Ca 2 ] in N. 
p1umbaginfo1ia MAQ 16.42 
Representative traces of [Ca 2 ] observed in response to injection of 0.5m1 deionised 
water over 1 second, as indicated by the arrows, in MAQ 16.42 seedlings pre-incubated 
for 30 minutes in the absence of inhibitors (control), or in the presence of 1mM EGTA, 
50p.M ruthenium red (RR), lOOj.LM suramin (Sur), 100j.tM neomycin sulphate (Neo) or 
200pM W-7. 
Mean peak [Ca2 ] observed in response to injection of 0.5m1 deionised water over 1 
second in MAQ 16.42 seedlings pre-incubated in the absence (control) or presence of 
inhibitors. Luminescence was measured from 6 seedlings treatment -1 . Vertical bars 
represent standard errors. Mechanically-induced [Ca 2 ] transients were quantified 





6.2.2 Responses of MAQ 15.11 and MAQ 16.42 to cold shock 
F1 seedlings were germinated and grown as described in section 2.2.1 and expression 
of apoaequorin in MAQ 15.11 induced by incubation in l00pM ABA (section 2.2.2). 
Aequorin was then reconstituted in vivo (section 2.3.1) before transferring individual 
seedlings to 0.5m1 deionised water in luminometer tubes for luminescence 
measurements (section 2.3.2). Cold shock stimuli were applied in the luminometer by 
the slow injection (over 10 seconds) of 0.5ml deionised water at 0°C into the sample 
housing. Counts were recorded over 40 seconds and the results are shown in Figure 
6.4. 
ABA-treated non-ABA-treated MAQ 16.42 	wild type 
MAQ 15.11 	MAQ 15.11 
Figure 6.4: The effect of 0°C cold shock on [Ca 2 ] in F1 seedlings of transgenic N. 
plumbaginfolia containing apoaequorin putatively 'targeted' to the guard cell cytosol. 
Data presented are representative traces of [Ca 2 ] observed in ABA-treated and non-
ABA-treated MAQ 15.11, and in MAQ 16.42 and wild type seedlings upon injection of 
0.5m1 0°C deionised water over 10 seconds, as indicated by the arrows. Cold shock-
induced [Ca2 ] transients were quantified following determination of Lum m as 
described in section 2.4.1. 
Immediate and transient elevations of [Ca 2 ] were detected in response to 0°C cold 
shocks in ABA-treated MAQ 15.11 and MAQ 16.42 seedlings, but not in wild type or 
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non-ABA-treated MAQ 15.11 seedlings. In response to cold shock, ABA-treated MAQ 
15.11 and MAQ 16.42 seedlings exhibited elevations in [Ca 2 ] of 22.5 ± 2.56j.tM (n = 
5) and 13.84 ± 0.94j.tM (n = 10) respectively, returning to resting levels after 15-20 
seconds. Once [Ca2 ] had returned to resting levels, no further response was observed. 
Statistical analysis (t-test, Appendix B) of mean cold shock-induced increases in [Ca 2 ] 
revealed that there was no significant difference between the size of the responses 
observed in the two transgenic lines. 
To assess the relative contributions of Ca 2 -influx from intracellular and extracellular 
sources to cold shock-induced increases in [Ca 2 ], and to investigate the possible 
involvement of G-protein coupled phosphoinositide turnover and CaM in the low 
temperature signaling pathway, ABA-treated MAQ 15.11 seedlings and MAQ 16.42 
seedlings were then incubated in either EGTA, ruthenium red, suramin, neomycin 
sulphate or W-7, prior to cold shock stimulation. Seedlings were therefore prepared as 
before and incubated in inhibitor solutions for 30 minutes before being transferred to 
luminometer tubes for luminescence measurements. Cold shock stimuli were applied in 
the luminometer by the slow injection (over 10 seconds) of 0.5m1 of deionised water at 
0°C as before, and counts recorded over 60 seconds. The results obtained with MAQ 
15.11 and MAQ 16.42 are shown in Figure 6.5 and Figure 6.6 respectively. 
Statistical analyses (t-tests, Appendix B) of mean cold shock-induced increases in 
[Ca2 ] revealed that pre-treament of MAQ 15.11 seedlings with EGTA, ruthenium red, 
suramin, and neomycin sulphate significantly inhibited the size of the [Ca 2 ] response 
compared with control seedlings incubated in the absence of inhibitors (at P = 0.05), 
with peak luminescence reduced by 90.8 ± 0.98%, 75.6 ± 1.81%, 89 ± 0.82% and 
78.9 ± 1.52% respectively. In contrast, pre-treatment of seedlings with W-7 had no 
significant effect on the size of cold shock-induced [Ca 2 ] transients (at P = 0.05), 
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Figure 6.5: The effect of inhibitors on 0°C cold shock-induced elevation of [Ca 2 ] in 
N. p1umbaginfolia MAQ 15.11 
Representative traces of [Ca 2 ] observed in response to slow injection of 0.5m1 
deionised water at 0°C, as indicated by the arrows, in ABA-treated MAQ 15.11 
seedlings pre-incubated for 30 minutes in the absence of inhibitors (control), or in the 
presence of 1mM EGTA, 50iM ruthenium red (RR), lOOjiM suraniin (Sur), 100pM 
neomycin sulphate (Neo) or 200pM W-7. 
Mean peak [Ca2 ] observed in response to slow injection of 0.5m1 deionised water 
at 0°C in ABA-treated MAQ 15.11 seedlings pre-incubated in the absence (control) or 
presence of inhibitors. Luminescence was measured from 6 seedlings treatment -1 . 
Vertical bars represent standard errors. Cold shock-induced [Ca 2 ] transients were 
quantified following determination of Lumma, as described in section 2.4.1. 
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Figure 6.6: The effect of inhibitors on 0°C cold shock-induced elevation of [Ca 2 ] in 
N. plumbaginfolia MAQ 16.42 
Representative traces of [Ca 2 ] observed in response to slow injection of 0.5m1 
deionised water at 0°C, as indicated by the arrows, in MAQ 16.42 seedlings pre-
incubated for 30 minutes in the absence of inhibitors (control), or in the presence of 
1mM EGTA, 50iM ruthenium red (RR), 100pM suramin (Sur), 100M neomycin 
sulphate (Neo) or 200j.tM W-7. 
Mean peak [Ca2 ] observed in response to slow injection of 0.5m1 deionised water 
at 0°C in MAQ 16.42 seedlings pre-incubated in the absence (control) or presence of 
inhibitors. Luminescence was measured from 5 seedlings treatment -1 . Vertical bars 
represent standard errors. Cold shock-induced [Ca 2 ] transients were quantified 




In agreement with the results obtained with MAQ 15.11 seedlings, statistical analyses 
(t-tests, Appendix B) of mean cold shock-induced increases in [Ca 2 ] revealed that pre-
treament of MAQ 16.42 seedlings with EGTA, ruthenium red, suramin, and neomycin 
sulphate significantly inhibited the size of the [Ca 2 ] response compared with control 
seedlings incubated in the absence of inhibitors (at P = 0.05), with peak luminescence 
reduced by 75.8 ± 1.66%, 76.8 ± 1.19%, 79.9 ± 1.13% and 71.9 ± 1.62% 
respectively. Again, considerable variation was observed in the size of cold shock-
induced [Ca2 ] transients in seedlings pre-treated with W-7, although statistical analysis 
revealed that the mean size of cold shock-induced [Ca 2 ] transients observed in 
seedlings pre-treated with this CaM antagonist did not differ significantly from those 
observed in non-treated control seedlings (at P = 0.05). 
6.2.3 Responses of MAQ 15.11 and MAQ 16.42 to ABA 
Although numerous attempts were made using both transgenic lines to detect changes in 
Ca2 -dependent aequorin luminescence in response to ABA, no significant 
luminescence above background levels could be detected. Since ABA-induced increases 
in [Ca2+] Cyt  observed in N. plumbaginfolia MAQ 2.4 epidermal strips (section 4.3.3) 
were much smaller than those observed in response to mechanical stimulation and cold 
shock (sections 4.3.1 and 4.3.2 respectively), and since the levels of apoaequorin 
expression in MAQ 15.11 and MAQ 16.42 are lower than that of MAQ 2.4 seedlings, 
the inability to detect ABA-induced changes in [Ca 2+] cyt here may simply reflect 
technical limitations. As a consequence, no reliable determination of ABA-induced Ca 2 
responses in intact seedlings could be made. 
6.2.4 A role for Ca 2 in the endogenous circadian regulation of stomatal 
behaviour? 
To investigate the possibility that guard cells exhibit rhythmic changes in [Ca 2i it 
was proposed to monitor, in free-running conditions, [Ca 2 ]-dependent aequorin 
luminescence of the 2 new putatively guard cell 'targeted' transgenic lines previously 
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entrained to a 16/8 light/dark regime. Unfortunately, at the time of this work the MAQ 
16.42 parent plant had not yet gone to seed. Consequently, the highest expressing 
MAQ 16 line for which F1 seedlings were available, MAQ 16. 1, was used in this 
investigation. 
MAQ 15.11 and MAQ 16.1 F1 seedlings were therefore germinated and grown in a 16 
hour day for 10 days as described in section 2.2.1. Expression of apoaequorin was 
then induced in MAQ 15.11 seedlings by incubation in lOOp.M ABA (section 2.2.2) 
and functional aequorin reconstituted in both transgenic lines (section 2.3.1). Individual 
samples of 10 seedlings were then transferred to constant light (LL) at the subjective 
dawn and Ca2 -dependent aequorin luminescence measured over 8 days (section 
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Figure 6.7: [Ca2 ]-dependent aequorin luminescence of 10 ten day old transgenic N. 
plumbaginfolia MAQ 15.11 and MAQ 16.1 F1 seedlings maintained in constant light 
(LL). 
Data presented are representative traces of [Ca2]-dependent  aequonn luminescence 
detected in: 
(a) ABA-treated MAQ 15.11, (b) non-ABA-treated MAQ 15.11 and (c) MAQ 16.1 
seedlings, following entrainment to a 16/8 L D regime. 
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Free-running circadian oscillations of [Ca 2 ] -dependent aequorin luminescence were 
detected in ABA-treated MAQ 15.11 seedlings (Figure 6.7a) and MAQ 16.1 seedlings 
(Figure 6.7c). No change in [Ca2 ]-dependent aequorin luminescence was detected in 
either non-ABA-treated MAQ 15.11 controls (Figure 6.7b) or wild type seedlings 
incubated with coelenterazine (data not shown). Using the ratio of total aequorin 
consumed to Lumm (section 2.4.2), the peaks observed in both ABA-treated MAQ 
15.11 seedlings and MAQ 16.1 seedlings were estimated to represent [Ca 2 ] values of 
between 650-85OnM, and the troughs between 250-300nM (section 2.4.2). The 
luminescence peak in both transgenic lines occurred at the subjective dawn, 
approximately 6 hours earlier than that observed in MAQ 2.4 seedlings (section 3.2.1), 
and for the first few days at least, recurred at circadian intervals with a free-running 
period of approximately 22-25 hours. Rhythmicity in MAQ 15.11 seedlings was less 
robust than that previously observed in MAQ 2.4, and was rapidly damped out after 4-5 
days in free-running conditions. Since the levels of [Ca 2 ] -dependent aequorin 
luminescence detected in these seedlings were significantly lower than those observed 
in MAQ 2.4 seedlings this may simply reflect technical limitations in detecting such low 
levels of luminescence. Alternatively, since Michel et al. (1994) reported that continual 
exposure of N. tabacum seedlings to drought or ABA was necessary for the sustained 
up-regulation of cDeT6- 19 promoter activity, it is conceivable that the decreasing levels 
of [Ca2 ]-dependent aequorin luminescence observed here may arise as a result of a 
reduction in apoaequorin expression. In either case, the observation that this rhythm 
could not be sustained in free-running conditions precluded any chemical manipulation 
of the rhythm to identify regulatory components involved in the generation of these 
[Ca2 ] oscillations. Similarly, although the luminescence rhythm persisted for the 
duration of the experiment in MAQ 16.1 seedlings, the somewhat erratic nature of 
rhythmicity in these transgenic seedlings precluded any further characterisation of the 
rhythm at this time. 
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6.3 Discussion 
6.3.1 Mechanical stimulation 
Data presented here suggests that mechanical signals are transduced in guard cells by 
immediate and transient elevations of [Ca 2 ]. Since pre-treatment with EGTA had no 
significant effect on the size of mechanically-induced increases in [Ca 2+] cyt in either 
MAQ 15.11 or MAQ 16.42 seedlings, the results further suggest that Ca 2 mobilised in 
response to this stimulus is primarily of intracellular origin, in agreement with results 
obtained with epidermal strips (Chapter 4). Inhibition of the Ca 2 -response by 
ruthenium red in MAQ 15.11 seedlings may reflect a contribution from ER or 
mitochondrial Ca2 -release, although since this inhibitory effect was not observed in 
MAQ 16.42 seedlings, and since the mode of action of ruthenium red is uncertain 
(Marshall et al., 1994), the intracellular source(s) of Ca 2 released upon mechanical. 
stimulation remains unclear. Similarly the mechanism(s) whereby mechanical signals 
may induce intracellular Ca 2 -release was not clear from this study. The lack of any 
statistically significant inhibitory effect of suramin or neomycin on the size of 
mechanically-induced increases in [Ca 2+] Cyt  in both transgenic lines, suggests that 
mechanically-induced intracellular Ca 2 -release arises by mechanisms which do not 
involve PLC-stimulated phosphoinositide turnover or coupling G-proteins. 
The identification of a stretch-activated channel, with high selectivity for Ca 2 over K, 
in the plasma membrane of V. faba guard cells has led to speculation that Ca 2 -influx 
across such channels may be involved in the transduction of mechanical stimuli in guard 
cells (Cosgrove and Hedrich, 1991). If such channels exist in guard cell 
endomembranes it is conceivable that mechanically-induced deformation of organelles, 
and subsequent increased stretch channel activity, may constitute part of an alternative 
pathway whereby mechanical stimuli induce Ca 2 -release from intracellular stores in 
these cells, a posssibility which warrants further investigation in view of the recent 
identification of a gadolinium-sensitive Ca 2 -release channel in the ER of Bryonia 
dioica (Khisener et al., 1995). 
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Finally, the lack of any statistically significant inhibitory effect of W-7 on the size of 
mechanically-induced increases in [Ca 2+] Cyt  in this study indicates that CaM-dependent 
reactions are not involved in the generation of mechanically-induced changes in guard 
cell [Ca2 ]. 
6.3.2 Cold shock stimulation 
Data presented here suggests that low temperature signals are transduced in guard cells 
by immediate and transient elevations of [Ca 2 ], in agreement with results obtained 
with epidermal strips (Chapter 4). Inhibition of this response by EGTA in both 
transgenic lines also confirmed that cold shock-induced increases in [Ca 2 ] arise in 
part from the influx of extracellular Ca 2 across the plasma membrane, although, as in 
cold shock stimulated epidermal strips, the fact that this inhibition was only partial 
suggests that cold shock also stimulates Ca 2 -release from intracellular stores. This is 
supported by the observation that the size of the cold shock response in both transgenic 
lines was significantly inhibited by ruthenium red. The involvement of intracellular 
Ca2 -release is further suggested by the observation that cold shock-induced increases 
in [Ca2+]Cyt  were significantly inhibited by suramin and neomycin sulphate, suggesting 
that cold shock mobilises Ca2 primarily from 1P3-sensitive intracellular stores via 
PLC-stimulated phosphoinositide turnover, possibly activated by a coupling G-protein. 
Since 1P3 has been shown to open Ca 2 -channels in the tonoplast (Alexandre et al., 
1990), it is conceivable that the vacuole may constitute an important 1P3-sensitive 
intracellular Ca2 store mobilised in response to cold shock. Indeed, in a recent study 
using transgenic A. thaliana seedlings containing apoaequorin targeted to the cytosolic 
face of the tonoplast (Knight et al., 1996), the authors reported that cold shock-induced 
increases in [Ca2 ], consistent with release of Ca 2 from the vacuole, were also 
significantly inhibited by neomycin sulphate. It should be noted however, that since 
cold shock-induced increases in [Ca 2 ] were only partially inhbited by suramin and 
neomycin in this study, it may be that additional intracellular Ca 2 -release mechanisms 
are also stimulated by cold shock. Indeed, in view of the requirement for extracellular 
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Ca2 in the cold shock response, it is conceivable that an initial cold shock-induced 
influx of Ca2 across the plasma membrane may influence Ca 2 -release from 
intracellular stores via CICR, possibly via Ca 2 -permeable slow vacuolar ion channels 
recently identified in guard cells (Ward and Schroeder, 1994). There is no evidence 
from this study however, to support a contribution from CaM-mediated Ca 2 -release in 
the generation of cold shock-induced [Ca 2+]Cyt  transients in guard cells. 
6.3.3 Endogenous circadian rhythmicity in guard cell [Ca 2 ] t 
This study has also suggested that, in free-running conditions, guard cells exhibit 
circadian rhythmicity in [Ca]. In view of the endogenous circadian rhythmicity 
previously observed in free-running stomatal movements in both intact leaves, 
epidermal strips and functionally isolated guard cells (section 1.4.2.7), it is conceivable 
that rhythmic changes in guard cell [Ca 2+] Cyt  play a role in the circadian regulation of 
stomata! aperture. If this is the case, the phase of the rhythm presented here would 
suggest that stomatal opening, normally commencing at the subjective dawn and 
extending throughout the early-mid subjective day under free-running conditions (e.g 
Martin and Meidner, 1971), is correlated with decreases in [Ca 2 ]t seen at this time, 
whereas stomatal closure is initiated upon increasing [Ca 2+] Cy t commencing during the 
late subjective day. 
However, as described in section 1.4.2.7, it is not yet clear whether the stomatal 
movement rhythm is controlled by an endogenous timekeeping mechanism(s) located in 
the guard cells or whether the overt rhythm simply reflects a stomatal response to 
rhythmic levels of CO2 within the leaf, as a result of rhythmic changes in mesophyll 
photosynthesis. Since elevated [CO2] has been shown to elevate guard cell [Ca 2 ] cyt 
and promote stomata! closure (Webb et al., 1996), it is conceivable that the Ca 2 
rhythm reported here may reflect rhythmic changes in C 1 . Alternatively, since stomatal 
movements exhibit circadian rhythmicity in detached epidermal strips (Meidner and 
Willmer, 1993), it is equally plausible that the rhythm is controlled, at least in part, by a 
timekeeping mechanism(s) located in the guard cells and that rhythmic changes in guard 
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cell [Ca2 ] t may be involved. Whether these oscillations represent an integral 
component of a putative molecular clock mechanism governing diurnal stomatal 
movements could not be ascertained from this study, since the observed oscillations 
were not sufficiently robust to allow chemical manipulation. 
Alternatively, since Ca 2 has been implicated in red and blue-light transduction 
pathways (Shacklock et at., 1992; Neuhaus et al., 1993; Kim et at., 1996), both of 
which have been shown to mediate entrainment of the biological clock in plants (for 
review see Kay and Anderson 1996), the observed oscillations in [Ca 2+] Cyt  may 
represent part of the photic entrainment pathway governing rhythmic stomatal 
movements. 
Finally, it is notable that the luminescence peaks in both MAQ 15.11 and MAQ 16.1 
occurred approximately 6 hours earlier than those observed in MAQ 2.4 seedlings 
(section 3.2.1). It is conceivable that this may reflect subtle differences in the phase of 
[Ca2 ] rhythmicities in different cell types in N. plumbaginifolia, an effect which would 
be masked in MAQ 2.4 seedlings by the inevitable whole seedling averaging. Indeed, it 
has been suggested that plants possess multiple circadian oscillators with different 
intrinsic frequencies. Hennessey and Field (1992) for example, found that the free-
running rhythm of leaflet movement in P. vulgaris had a period close to 27 hours, 
whereas stomatal opening and carbon assimilation had a period close to 24 hours. 
6.3.4 Summary 
In agreement with results previously obtained using epidermal strips, data presented 
here indicate that transient elevations in guard cell [Ca 2 ] play an important role in the 
transduction of mechanical and low temperature signals in stomata. The results also 
support the hypothesis, postulated in Chapter 4, that mechanically-induced increases in 
[Ca2 ]t arise as a result of Ca2 -release from intracellular stores, whereas cold shock 
signals stimulate Ca2 -influx into the cytosol from both extracellular and intracellular 
sources. Since stimulus-induced [Ca 2 ] transients in MAQ 15.11 and MAQ 16.42 
seedlings exhibited the same kinetics as those previously observed in epidermal strips, 
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the data implies that stomata respond to these signals in both epidermal strips and intact 
plants, and consequently that data presented in Chapter 4 is not artifactual of the 
epidermal strip technique. Furthermore stimulus-induced [Ca 2 ] transients in MAQ 
15.11 and MAQ 16.42 exhibited similar sensitivities to Ca2 antagonists to those 
observed in epidermal strips. One notable discrepancy however, was the finding that 
cold shock-induced [Ca 2 ] transients in both lines of transgenic seedlings were 
significantly inhibited by ruthenium red, whereas no significant inhibition of either cold 
shock-induced Ca2 transients or subsequent stomatal closure was observed in 
epidermal strips. The reason for this difference is not clear, but it does support the 
hypothesis that intracellular Ca 2 -release may contribute to the elevation of [Ca 2+] cyt by 
cold shock. 
Data presented here also suggests that the mechanisms by which external signals 
stimulate intracellular Ca 2 -release in guard cells may be dependent upon the nature of 
stimulation. The observation that the size of cold shock-induced [Ca 2 ] transients in 
both MAQ 15.11 and MAQ 16.42 were significantly inhibited by neomycin sulphate 
and suramin suggests that cold shock mobilises Ca 2 primarily from 1P3-sensitive 
intracellular stores via PLC-stimulated phosphoinositide turnover, possibly activated by 
a coupling G-protein, although a contribution from CICR cannot be discounted. The 
lack of any statistically significant effect of neomycin sulphate or suramin on the size of 
mechanically-induced [Ca 2 ] transients in these transgenics however, suggests that 
mechanically-induced intracellular Ca 2 -release is stimulated via an alternative pathway, 
conceivably via the opening of mechanosensitive Ca 2 -channels. 
Data presented here also indicates that CaM-dependent reactions are not involved in the 
generation of either mechanically- or cold shock-induced [Ca 2+] cyt transients in guard 
cells. If this Ca2 -binding protein does play a regulatory role in mechanically- or cold 
shock-induced stomatal closure, it must exert its effect(s) downstream of Ca 2 . Indeed, 
previous studies have indicated that CaM mediates a number of the effects of Ca 2 on 
guard cell ion fluxes during stomatal closure, including activation of the SV channel 
(Schulz-Lessdorf and Hedrich, 1995; Allen and Sanders, 1995), inhibition of inward 
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rectifying K channels (Luan et al., 1993) and stimulation of anion efflux across plasma 
membrane S-type anion channels (Schmidt et al., 1995). 
Finally, the observation that both MAQ 15 and MAQ 16 seedlings exhibited circadian 
rhythmicity in [Ca2 ]-dependent aequorin luminescence opens up the possibility that 
rhythmic changes in guard cell [Ca 2+] Cyt  play a role in the circadian regulation of 
stomatal aperture. However, whether this rhythmicity reflects a genuine role for 
oscillatory Ca2 in a putative guard cell-located molecular clock mechanism, the photic 
entrainment pathway or an influence of rhythmic changes in C 1 on stomatal behaviour, 




7.1 CO-mediated signal transduction in guard cells 
This study has indicated that the elevation of guard cell [Ca 2 ] 	is a common 
component in the transduction pathways of mechanical, low temperature and ABA 
signals in guard cells. Elevations of [Ca 2+] Cyt  in the range observed with each of these 
stimuli will have a number of consequences for the regulation of ion channel activities 
in guard cells (section 1.4.6); indeed all 3 stimuli were observed to promote rapid 
stomatal closure. Since initial observations were obtained using epidermal strips, the 
data further indicate that these signals are perceived and transduced in the epidermal 
layer. Studies with 'isolated' guard cells from epidermal strips and transgenic seedlings 
putatively containing apoaequorin targeted to the guard cells, have suggested that the 
mechanism(s) whereby external signals mobilise Ca 2 into the cytosol are dependent 
upon the nature of stimulation, with Ca 2 -release from intracellular store(s) being the 
major contributor to the transduction of mechanical and ABA signals, and contributions 
from both intracellular and extracellular Ca 2 mobilisation being central to the 
transduction of low temperature signals. 
Studies with intact seedlings have further suggested that the intracellular Ca 2 -release 
component of the cold shock response is triggered from 1P3-sensitive stores in a 
pathway involving PLC-stimulated phosphoinositide turnover, possibly stimulated by a 
coupling G-protein. In view of the requirement for extracellular Ca 2 in the cold shock 
response, it is also possible that an initial cold shock-induced influx of Ca 2 across the 
plasma membrane may influence Ca 2 -release from intracellular stores via CICR. 
Cold shock-induced Ca2 -mediated stomatal closure acquires significance in light of 
reports that photosynthesis is one of the first processes to be adversly affected in cold 
stressed plants (reviewed by Long, 1983) and is thought to arise not only from a 
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reduction in the capacity of the photosynthetic apparatus to fix CO2 but also from a 
reduction in stomata! conductance (Peisker and Ticha, 1991). It also seems likely that 
this response may be of adaptive importance, particularly when considering the manner 
in which chilling injury is sustained in many chilling-sensitive species. In Phaseolus 
vulgaris for example, stomata are 'locked open' during cold periods, bringing about 
severe wilting (Eamus et al., 1983). Conversely, chilling-induced stomata! closure / 
inhibition of opening has been reported in a variety of chilling-resistant and chilling-
tolerant species (e.g. Eamus et al., 1983; Drake and Raschke, 1974; Drew and Bazzaz, 
1982). Chilling-induced changes in stomatal aperture have previously been attributed to 
the accumulation of ABA in the plant (section 1.4.2.3). However, data presented in this 
study suggests that cold shock-induced elevations in guard cell [Ca 2+] cyt also trigger 
stomatal closure. Since this response was observed in epidermal strips as well as intact 
seedlings, and since ABA-induced elevations in [Ca 2 ] t show very different kinetics 
compared with the cold shock response, it is unlikely that the Ca 2 response to cold 
shock observed here is triggered by cold shock-induced increases in endogenous ABA. 
In the intact plant it is conceivable therefore, that both the accumulation of ABA and the 
elevation of guard cell [Ca 2+]Cyt  play a role in promoting stomatal closure and may 
represent a protective mechanism whereby chilling-tolerant species, of which N. 
plumbaginfolia is an example, are afforded a degree of protection from chilling-induced 
water stress. This study has also suggested that altered stomatal responsiveness to cold 
shock in cold-acclimated plants may be mediated by the modification of the Ca 2 -
signalling pathway in guard cells. Altered Ca2 -signalling in the guard cells of cold-
acclimated plants might also facilitate the development of chilling resistance via the 
alleviation of water stress. 
In addition to the modulation of guard cell ion fluxes, cold shock-induced increases in 
[Ca2+]Cyt  may have important implications for gene expression in guard cells. Indeed, a 
number of cold shock-induced genes have been identified (section 1.2.1.2), amongst 
which, at least 2, kin 1 and cor6.6, are highly expressed in guard cells of Nicotiana and 
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A. thaliana in response to cold shock (Wang and Cutler, 1995). It is thought that the 
KIN  and COR6.6 proteins play an important role in osmoprotection during cold stress 
and acclimation. The hypothesis that Ca 2 plays a role in the modulation of gene 
expression in cold shock-stimulated plants has gained strong support from a recent 
study in Arabidopsis, in which the cold shock-induced elevation of [Ca 2 ] t and the 
cold-dependent expression of kin 1, were both significantly inhibited by EGTA and 
lanthanum (Knight et al., 1996). 
The mechanism(s) whereby mechanical signals may induce intracellular Ca 2 -release in 
guard cells however, was not clear from this study. Data did not support the 
involvement of G-proteins, phosphoinositide turnover or CaM upstream of Ca 2 in the 
mechanical signaling pathway. A number of possible alternative mechanisms for the 
sensing and transduction of mechanical signals in plants have been proposed, including 
the opening of mechanosensitive Ca 2 channels as a result of mechanically-induced 
deformation of plasma and endomembranes (Schroeder and Hedrich, 1989; Cosgrove 
and Hedrich, 1991) and the involvement of a class of plasma membrane-spanning 
proteins known as integrins, which may have implications for the inter-linked 
cytoskeleton/ plasma membrane/cell wall continuum in plant cells (Wyatt and Carpita, 
1993; Trewavas and Knight, 1994). 
Mechanically-induced Ca 2 -mediated stomatal closure acquires significance in light of 
observations that mechanically-stressed plants exhibit diminshed growth rates (Neel and 
Harris, 1971; Neel and Harris, 1972; Grace, 1977). In the case of wind-stressed plants 
the growth inhibition response is thought to result primarily from reduced gas 
exchange, effected in an attempt to reduce evapotranspirative water loss (Grace, 1977). 
However, data presented here suggests that physical disturbance itself has direct effects 
on stomata! conductance. It is conceivable therefore that mechanically-induced 
deformation of plasma or endomembranes and subsequent elevation of [Ca 2+]Cyt  may 
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constitute a mechanism whereby guard cell turgor can be modulated in response to 
environmental stresses, bringing about changes in stomatal conductance. 
In this study only transient [Ca 2 ]-mediated decreases in stomatal aperture were 
observed in response to a single mechanical stimulus. However, data from Knight et 
al., (1992) indicates that, after a short refractory period of around 1 minute, plants 
retain the ability to respond fully to further mechanical disturbance. Repeated 
mechanical stimulation may therefore have a prolonged inhibitory effect on stomatal 
conductance and consequently growth. Since plants of reduced height are less 
susceptible to damage incurred under mechanically stressful conditions (a windy day 
for example) the adaptive importance of such a mechanism is clear. 
Indeed, if chilling-induced or mechanically-induced stomatal closure were sufficient to 
reduce photosynthetic carbon gain it would clearly have important implications for plant 
growth and morphology, and may account, in part, for the diminished yields of both 
cold stressed (chilling-sensitive) and mechanically-stressed (e.g.wind) plants. 
This study has also illustrated the versatility of the Ca 2 signal in regulating cellular 
function, as the location of Ca 2 pools mobilised into the cytosol upon stimulation, the 
pathways by which they are transduced and the kinetics of the response was found to 
be highly dependent on the nature of stimulation. Indeed, the difference in kinetics of 
elevated [Ca2+] Cyt  observed in response to ABA compared to cold shock and 
mechanical stimulation is indicative of the potential scope that exists for this common 
intracellular messenger to accurately regulate a vast array of cellular processes. 
7.2 Circadian rhythmicities 
7.2.1 [Ca2 ]t oscillations in N. plumbaginifolia MAQ 2.4 
This study has demonstrated robust circadian rhythmicity in [Ca 2 ]-dependent 
aequorin luminescence in N. plumbaginifolia, confirming the previous findings of 
Johnson et al. (1995), and given some preliminary insight into the mechanisms 
whereby [Ca2+] Cyt  oscillations may be sustained in plants. Chemical manipulation of 
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the luminescence rhythm indicated a requirement for Ca 2 influx into the cytosol from 
both extracellular and intracellular sources and further suggested that the intracellular 
release component may be regulated by G-protein coupled PLC-stimulated 
phosphoinositide turnover. CaM and phosphorylation / dephosphorylation reactions 
were also implicated in the oscillatory loop regulating circadian changes in [Ca 2 ]t. 
Results obtained during this study however, did not support the hypothesis that Ca 2 
constitutes a central component of the molecular clock mechanism itself, although the 
possibility that [Ca2+] Cyt  oscillations may represent part of the photic entrainment 
pathway cannot be discounted. Indeed, the phase-dependent randomisation of 
rhythmicity induced by inhibitors of G-proteins and phosphoinositide turnover may be 
indicative of an entraining role for these components. This possibility is particularly 
intriguing since Ca 2 , G-proteins and PLC-stimulated phosphoinositide turnover have 
all previously been implicated in the photic transduction pathway (Warpeha et al., 1991; 
Shacklock et al., 1992; Neuhaus et al., 1993; Kim et al., 1996). It is conceivable 
therefore that, in an entraining capacity, Ca 2 might be involved not only in the 
regulation of circadian rhythmicities but also the seasonal regulation of flowering, 
reproduction and dormancy. 
7.2.2 [Ca2 ]t oscillations in guard cell 'targeted' N. plumbaginifolia 
Although attempts to image the [Ca2]t-dependent  aequorin luminescence rhythm in 
N. plumbaginfo1ia MAQ 2.4 were unable to give any insight into the cell type(s) 
responsible for the afore-mentioned rhythmicity, the finding that transgenic seedlings 
expressing apoaequorin under the control of guard cell 'specific' promoters also 
exhibited a luminescence rhythm is highly suggestive of the involvement of Ca 2 in the 
endogenous control of circadian stomatal movements. As discussed in section 6.3.3 
however, it is not yet clear whether rhythmic stomatal movements arise due to stomatal 
or non-stomatal factors, or indeed, a combination of both. Two hypotheses prevail: that 
the rhythmicity reflects the stomatal response to rhythmic levels of CO2 within the leaf 
as photosynthetic rate oscillates, or that guard cells possess an endogenous timing 
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mechanism which controls stomatal conductance and therefore the availability of CO2. 
Both can be reconciled with the occurrence of circadian oscillations in guard cell 
[Ca2 ]. In the first instance, since increases in [CO2] are known to elevate [Ca 2+] Cyt  
(Webb et al., 1996), rhythmic increases in C 1 may induce corresponding Ca 2 
oscillations, and in the second instance, endogenously-controlled rhythmic changes in 
guard cell [Ca2 ] may be directly responsible for the rhythmic modulation of ion 
fluxes during stomatal movements. In light of results obtained in the investigation of 
Ca2 oscillations in N. plumbaginifolia MAQ 2.4 in this study, it is speculated that any 
endogenous circadian regulation by Ca 2 would be in an entraining capacity rather than 
a component of the molecular clock itself. 
7.3 Future work 
One of the first objectives for the continuation of this study has to be the localisation of 
apoaequorin expression in transgenic guard cell 'targeted' seedlings. It is envisaged that 
this will be achieved either by raising monoclonal antibodies against aequorin and/or by 
increasing expression levels in the plants. The latter option has additional advantages in 
that it will also allow detection of smaller Ca 2 responses in seedlings, such as the ABA 
response which, in this study could not be detected with the current levels of 
expression. There are several ways in which increased levels of expression could be 
achieved, including the selection of stronger guard cell 'specific' promoters, production 
of synthetic aequorin genes with optimal codon usage for the plant species to be studied 
and the use of scaffold attachment regions (SARs) (Hail et al., 1991). SARs are 
proteinaceous nuclear matrices which are thought to play a central role in determining 
chromatin structure. Chromatin is organised into active areas (areas accessible to RNA 
polymerases and transcription factors) and inactive, inaccessible areas. When an 
organism is transformed, the transgene may be incorporated into either region. 
Incorporation into an inactive region will clearly influence the level of expression and 
can result in gene silencing. It is considered that the often highly variable levels of 
expression observed in transformants stems from the incorporation of transgenes into 
230 
areas of different activity. SARs interact with nuclear matrix fibres to create independent 
active domains and Hall et al. (199 1) have reported that flanking a gene of interest with 
SARs results in significantly higher levels of expression. 
Further work is also required to establish whether treatments which inhibit stimulus- 
induced increases in guard cell also inhibit stomatal closure. In this study, this was 
found to the case in epidermal strip studies, for example in the observation that LaC13 
and EGTA inhibited both cold shock-induced Ca 2 responses and stomatal closure 
(section 4.3.2). However, further investigation is needed to establish whether, for 
example, inhibition of the cold shock Ca 2 response by neomycin sulphate and suramin 
in MAQ 15.11 and MAQ 16.42 seedlings (section 6.2.2), also inhibits cold shock-
induced stomatal closure. 
Since the use of inhibitors is often limited by a lack of drug specificity or potential 
interference from unknown, non-specific effects on other aspects of cell metabolism, it 
is also envisaged that the construction of chimeric genes in which organelle targeting 
signals are fused to guard cell 'specific' promoters will prove to be a powerful tool for 
the in vivo monitoring of free guard cell [Ca 2 ] in specific subcellular locations. 
Increasing current levels of apoaequroin expression in guard cells will be crucial to the 
successful development of this approach. 
Continuing investigation into the transduction of information in guard cells are 
warranted as the mechanisms involved are only recently starting to be elucidated. 
Moreover, although the majority of research concerning the role of Ca 2 in the 
regulation of stomatal behaviour has thus far indicated that increases in guard cell 
[Ca2+] Cyt  play a central role in the modulation of ion channel activity during stomatal 
closure, a number of reports have indicated that Ca 2 may also play a role in stomatal 
opening (reviewed in Assman, 1993). Indeed, changes in [Ca 2 ] 	have been 
postulated to act as the second messenger in both stomatal opening and closing in 
response to plant growth regulators (review Mansfield et al., 1990). Precisely how the 
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Ca2 signal can both potentiate stomatal closure and stimulate opening is likely to 
depend on the nature of the intermediary second messengers, the size of the Ca 2 
response and its spatiotemporal characteristics. 
Finally, the finding that transgenic N. plumbaginfolia seedlings putatively expressing 
apoaequorin in guard cells exhibit circadian rhythmicity in Ca 2 -dependent aequorin 
luminescence warrants further research into the possibility that Ca 2 may be involved 
not only in stomatal responses to environmental factors, but also in the endogenous 
control of rhythmic stomatal movements. 
With the current interest in the use of stomata as a model system for the study of signal 
transduction by an increasing number of research groups, the next few years are likely 
to see a significant progression in our understanding of the mechanisms underlying the 
intricate regulation of stomata! behaviour. 
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ABSTRACT 	Mechanical signals are important influences 
on the development and morphology of higher plants. Using 
tobacco transformed with the Ca 2 +.sensitive  luminescent 
protein aequorin, we recently reported the effects of mechan-
ical signals of touch and wind on the luminescence and thus 
intracellular calcium of young seedlings. When mesophyll 
protoplasts are isolated from these transgenic tobacco plants 
and mechanically stimulated by swirling them in solution, 
cytoplasmic Call increases immediately and transiently up to 
10 1AM, and these transients are unaffected by an excess of 
EGTA in the medium. The size of the transient effect is related 
to the strength of swirling. Epidermal strips isolated from 
transgenic tobacco leaves and containing only viable guard 
cells and trichomes also respond to the strength of swirling in 
solution and can increase their cytoplasmic Call transiently 
up to 10 1AM. Finally, the moss Physcomirrella patens contain-
ing recombinant aequorin exhibits transient increases in 
cytoplasmic Call up to 5 jLM when swirled in solution. This 
effect is strongly inhibited by ruthenium red. Our data 
indicate that the effect of mechanical stimulation can be found 
in a number of different cell types and in a lower plant as well 
as tobacco and suggest that mechanoperception and the 
resulting increase in cytoplasmic Ca 2 may be widespread. 
It has been known for many centuries that plants are sensitive 
to mechanical stimulation, although it has been commonly 
assumed that mechanical responses are limited to such obvious 
examples as Mimosa or Dionea (1). However, compendia 
prepared by Darwin himself and others in the last century 
indicated the wide range of different plant species which 
respond to touch as a mechanical signal via sensitive stems, 
petioles, flower peduncles, stamens, and even roots (2-4). The 
majority of responses to mechanical signals result in reduction 
of growth rates and thickening of cell walls (usually by 
lignification), thus stiffening tissues. Mechanically stimulated 
crop plants have much lower yields than unstimulated plants, 
probably resulting from the diversion of carbohydrates into the 
lignified walls rather than into vertical growth, fruit, or seed 
production. However, there are also many reasons to associate 
mechanoperception and response with fundamental mecha-
nisms of morphogenesis (1). Mechanical stimulation may also 
be important in resistance to fungal invasion. Many responses 
to invading fungi involve lignification, and the infection peg 
may be involved in pressure signaling on responding cells. The 
mechanisms of mechanical perception and transduction are 
not understood, but current research indicates that perception 
of mechanical stimuli occurs via integrins and that transduc- 
The publication costs of this article were defrayed in part by page charge 
payment. This article must therefore be hereby marked "advertisement" in 
accordance with 18 U.S.C. §1734 solely to indicate this fact. 
tion of the mechanical signal involves changes in the cyto-
skeleton (1). 
Our own interest in understanding the transduction of 
mechanoperception arose from studies on cytoplasmic Call. 
We developed a method for measuring cytoplasmic Cal'  
concentration ([Ca 2 J 1 ), utilizing transformation of tobacco 
plants with the cDNA for the Cal'-sensitive protein aequorin 
(5, 6). Thus, luminous plants were produced whose luminosity 
directly reported [Ca 2 ] 1 . One of the earliest signals found to 
immediately and transiently increase [Ca 2 ], was the mechan-
ical signal of touch (5). Later studies showed that wind 
stimulation of transgenic seedlings immediately and tran-
siently increased [Ca 2 ] 1 in a dose-dependent fashion (6). Both 
touch and wind probably signal plants by causing tissue move-
ment resulting in differential changes in tension and compres-
sion across tissues (1). Which cells actually respond to touch or 
to wind is not known, although luminescence imaging studies 
(7) have shown that some cotyledon cells can be very sensitive 
to even slight touch stimulation. 
One disadvantage with using whole tobacco seedlings for 
such work is the difficulty of defining precisely which cells 
actually respond to mechanical stimulation. If different tissues 
respond uniquely to mechanical stimuli, the specificity of the 
response may be lost in the inevitable whole plant averaging. 
A further problem is our inability to easily calibrate the size of 
the [Ca2 ]1 change which accompanies mechanical stimulation. 
The majority of luminescence from these luminous seedlings 
probably emerges from the epidermis, with reduced contributions 
from subepidermal cells. Both of these difficulties have driven us 
to seek simpler alternatives in which the basis of mechanical 
signaling can be more easily dissected. It is the purpose of this 
paper to describe several such examples. 
MATERIALS AND METHODS 
Plant and Tissue Material, Preparation, and Transforma-
tion. The previously transformed Nicotiana plumbaginifolia 
(pMAQ2) containing the cDNA for apoaequorin under con-
trol of the cauliflower mosaic virus 35S promoter was used 
throughout this study (5, 6). Protoplasts were isolated by 
standard enzymatic methods (8) from the leaves of 8-week-old 
plants grown in white light (100 mol'dm for a 16-hr day 
at 24°C. The isolation medium contained 400 mM sucrose, 1% 
cellulase, 0.2% macerozyme, and 0.1 mM CaCl 2 (pH 5.6) and 
protoplasts were washed three times after overnight incubation 
in 400 mM sucrose/10 mM Mes (pH 5.7), yielding a final 
Abbreviation: [Ca2 ]1, cytoplasmic Call concentration. 
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ition with about 101 viable protoplasts per ml. Viability was 
ssed by fluorescein diacetate staining (9). 
pidermal peels were made from the 8-week-old trans-
ned N. plumbaginifolia leaves described above and incu-
ed in 50 mM KCl/20 mM NaH2PO 4  buffer (pH 5, adjusted 
h phosphoric acid) with aeration for several hours in the 
kness. Viability tests using the vital stain fluorescein diac-
te and the mortal stain propidium iodide indicated that this 
itment killed all epidermal cells but left guard cells and 
homes intact and, in the case of guard cells, with the ability 
pen and close. 
,be moss Physcomitrella patens was maintained on simple salts 
dium as described (10). For purposes of transformation, 
toplasts were isolated by a 1-hr treatment with driselase (11). 
aoplasts were transformed with the construct pMAQ2 used 
transformation of N. p1umbaginiflia (5, 6) by incubation in 
PEG and heat shock (12, 13). After limited regeneration, 
ble transformants were selected for resistance to kanamycin 
fi jig/ml) and protein extracts were subjected to Western 
tting with anti-apoaequorin (5) to demonstrate the presence of 
aequorin in the transformed lines. 
equorin Reconstitution and Luminescence Measure-
nts. Tissues were incubated with 2 .tM coelenterazine for 
4 hr at room temperature unless stated otherwise. After 
shing, luminescence measurements were made with a digital 
miluminometer equipped with an EMI photomultiplier, 
e 9924A at I kV, and a discriminator (6) with recording 
:ilities. With epidermal strips the amount of reconstituted 
quorin can vary substantially between similar-sized strips. 
)wever, strips providing <10 photons of detected aequorin 
re discarded. Sample sizes of other tissues were chosen so 
at luminescence of total aequorin was > 10 5 photons in 10 s. 
Calibration of [Ca 2 'i, Transients After Stimulation. At the 
d of each experimental treatment of the samples of proto-
asts, epidermal strips, or Physcomitrella, the total remaining 
quorin was discharged and estimated by mixing with an 
cess of a solution of 10% ethanol/900 mM CaCl2 in the 
minometer. This was the only solution found which would 
scharge within seconds the cellular aequorin in epidermal 
rips and Physcomitrella; however, protoplasts were dis-
arged with 100 mM CaCl2/2% (vol/vol) Nonidet P-40. The 
te of the experimentally induced [Ca 2 ] transient could thus 
calculated by using the ratio of consumed aequorin to total 
quorin as described by Cobbold and Rink (14). 
RESULTS 
Effect of Wind on Transgenic Seedling Luminescence. In a 
revious publication (6) we reported that wind stimulation 
mediately and transiently increased [Ca 21 ] i as monitored by 
minescence. In those experiments we stimulated the trans-
rmed seedlings by subjecting them to immediate blasts of air 
om a syringe. The size of the stimulus was varied by simply 
Icreasing the volume of air used for stimulation. In the 
resent study we stimulated seedlings by using a constant 
Dlume of air (50 ml) released over 2, 3, 4, or 5 s (Fig. 1). Again 
ere was a threshold rate of stimulation (rate must be >5 s) 
nd thereafter a relationship between the speed at which the 
ir was released and the size of the luminescent signal. The 
'ability to expel 50 ml of air in 1 s prevented the measurement 
f this stimulation. 
Effect of Mechanical Stimulation on Mesophyll Protoplast 
'uminescence. To test the possible sensitivity of individual 
ells to mechanical stimulation, we isolated mesophyll proto-
lasts from transgenic leaves and reconstituted the aequorin by 
ricubation with coelenterazine for 3 hr. Protoplast samples 
0.1 ml) were placed in the luminometer and stimulated by 
dding 0.5 ml of isotonic incubation medium in 1, 2, 3, 4, or 5 
via a syringe. The resultant effects on luminescence (Fig. 2a) 











FIG. 1. Effect of wind stimuli of increasing force on cytosolic 
Ca2 -responsive luminescence of Nicotiana seedlings. A trace from a 
chart recorder connected to a chemiluminometer shows the changes 
in luminescence of a seedling exposed to 50 ml air from a syringe 
expelled in 5, 4, 3, or 2 s. Air was applied at the times indicated by the 
arrowheads. 
addition, dropping away very rapidly with the slower addition 
of the sucrose solution. 
After the swirling treatment the protoplasts were lysed as 
described and the [Ca 2 i transient was calibrated. All exper-
iments were repeated five times (with five replicates in each 
case). The traces shown have been chosen to best represent the 
average result. 
We have made estimates of the actual force involved in the 
addition of solution as described before for wind (6). The 1-s 
addition applied a force of 6 N to the protoplast sample 
above the actual weight of solution added and led to immediate 
mixing as observed with colored solutions; the 2-s addition 
involved a force of 1.3 N above the weight added and mixing 
-i;- 
60s 
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FIG. 2. Influence of mechanical stimulation on tobacco protoplast 
cytosolic Ca 2 -responsive luminescence. Traces from a chart recorder 
connected to a chemiluminometer show the changes in protoplast 
luminescence. (a) Approximately 10 5  protoplasts suspended in 0.15 ml 
of medium mechanically stimulated by injection at arrow of 0.5 ml of 
isotonic medium over 1, 2, 3, 4, or 5 s from a syringe. (b) Protoplasts 
preincubated in 1 mM EGTA or 1 mM La 3 for 0.5 hr before 
mechanical stimulation with 0.5 ml of isotonic medium injected over 
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continued for about 0.5 s after the 2-s addition. The 3- to 5-s 
additions gave no detectable force above the weight of solution 
added and the additional mixing period was 1, 2, and 2.5 s, 
respectively, after the addition of the solution. 
Since very vigorous addition of solution could cause proto-
plast damage, leading to discharge of aequorin from lysed 
protoplasts, we estimated viable protoplast numbers (using 
fluorescein diacetate and a hemocytometer) before and after 
addition of the isotonic incubation medium, but correcting for 
volume changes. Before mixing the protoplasts were 105 ± 3.5 
cells per 0.1 p.l;  after 1-s addition of solution, 97.6 ± 6.6 cells 
per 0.1 p.l; and after 5-s addition, 96.5 ± 8.2 cells per 0.1 Al. 
Thus the protoplast numbers are not significantly different 
from one another as a result of vigorous or slow mixing and 
indicate that the [Cal] transient is not the result of protoplast 
lysis. 	
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Further evidence that the luminescence spike does not result 
from protoplast lysis can be deduced from Fig. 2b. Protoplasts 
were preincubated for 30 min in 1 mM EGTA in the absence 
of Cal' and then stimulated by isotonic solution addition; only 
the 1- and 2-s additions are shown. In this case the [Ca 2 ] 1 
transient is consistently higher than in medium without EGTA. 
Aequorin from lysed protoplasts would not have been dis-
charged during this treatment. Experiments have also been 
performed in which the protoplasts were preincubated with 
equal amounts of Ca 2+  and EGTA (data not shown), and the 
transient up to 10 gM was still observed. We have also carried 
out an extensive set of measurements using La 3+  and Gd3 in 
the incubation medium at a range of concentrations and 
ruthenium red up to 100 AM (data not shown). An example of 
1 mM La3 l in the presence of 1 mM Ca2 is shown in Fig. 2b. 
No inhibition of the mechanical stimulation of protoplast 
[Ca2 ] 1 by these inhibitors and Gd3 was observed. 
Mechanical Stimulation of Epidermal Strips. Epidermal 
strips were isolated from transgenic tobacco leaves and incu-
bated with coelenterazine for 4 hr, resulting in maximum 
formation of aequorin. Tests with fluorescein diacetate indi-
cated that under the incubation conditions used (pH 5), only 
guard cells and trichomes were viable. The guard cells open 
under these conditions and can be closed by addition of 
abscisic acid (data not shown). Fig. 3a shows the effect of 
adding incubation medium at different rates (1, 2, 3, and 5 s) 
to the epidermal strip on [Cal ,  Ji. After each incubation the 
total aequorin was discharged and the [Ca 2 ] transient was 
estimated. Visible observation indicated that the strips re-
mained intact with these mixing protocols. Each experiment 
has been replicated at least 5-10 times and the traces selected 
best represent the average. 
Even with slower additions of medium to these strips, 
substantial increases in [Ca 2 ]1 were detected, although there 
was a clear drop in the size of the transient as medium addition 
slowed from 1 t 3 s. However, even after the slow 5-s addition, 
[2+]  transients up to 1 gM were still detected. Again visual 
observation showed these strips to have very little tensile 
strength since the epidermal cells were dead and had lost 
turgor. The epidermal strip shape was transiently changed as 
solution is added to it even with the slowest addition (5 s), and 
this could have led to tension and compression changes on the 
viable guard cells and trichomes. 
As with the protoplasts we have used a number of inhibitors 
to investigate these [Ca 2 ]1 transients induced by mechanical 
stimulation. Fig. 3b shows the effect of preincubating strips in 
1 mM EGTA, 1 mM La 3+,  and 50 tLM ruthenium red. None 
of these pretreatments had detectable effects on the transient 
induced by a 1-s solution addition. 
Effect of Mechanical Stimulation onPhyscomitrella [Ca2 ]. 
Physcomirrella patens has been transformed with the plasmid 
used for transformation of tobacco (A.J.R., unpublished 
work). Petri dishes contained up to 1 g of Physcomitrella pro-
tonema, grown on a simple mineral salts medium with only 1 
Proc. NatL Acad. Sci. USA 92 (1995) 
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FIG. 3. Influence of mechanical stimulation on Ca 2 -responsive 
luminescence of tobacco leaf epidermal strip. Traces from a chart 
recorder connected to a luminometer show changes in epidermal strip 
luminescence. (a) Epidermal strips mechanically stimulated by injec-
tion (arrowheads) of 0.5 ml of 50 m KCl/20 mM NaH2PO4 (pH 5.0) 
over 1, 2, 3, or 5 s. (1,) Epidermal strips preincubated for 0.5 hr in the 
absence of inhibitors or the in presence of 1 mM La 3 , 50 AM ruthe-
nium red (RR), or 1 mM EGTA before mechanical stimulation by 
injection of 0.5 ml of medium over 1 s. 
AM Cal' and consisting of a filamentous mat. These were 
scraped into coelenterazine and incubated for 4 hr to recon-
stitute aequorin. Samples of 10-20 mg were placed in tubes in 
the luminometer and stimulated by application of 0.5 ml of 
water through a syringe for 1-5 s. All measurements were 
replicated five times and several separate experiments were 
conducted for each treatment. 
Fig. 4 shows data for only 1 and 3 s. The pattern is very 
similar to the situation with protoplasts, with a rapid drop in 
luminescence between the 1- and 2-sec stimulations. The 
transients induced in Physcomitrella were lower than those 
observed with the other two tissues but were still up to 5 /.LM. 
Again, visual observation showed that the 1-s treatment led to 
extensive movement of tissue filaments with respect to each 
other, but at 3 s movement was difficult to observe and the 
network of filaments seemed largely stabilized against move-
ment which would result in changes in tension and compres-
sion. 
The effects of inhibitors and addition of Call on the 
1-s-induced luminescence were also tested (Fig. 4). Inhibitors 
(or Cal l) were added during the incubation with coelentera-
zinc. Results for Cad 2 (25 Iz.M), EGTA (1 mM), LaC1 3 (10 
mM), and ruthenium red (100 AM) are shown. EGTA and 
La3l caused some inhibition of the response. We used 10 mM 
La3 because little effect was obtained at 1 mM. Surprisingly, 
prior incubation in 25 jM Cal' also reduced the size of the 
transient, although the reductions were not large. Pretreat-
ment with ruthenium red led to total abolition of the response. 
DISCUSSION 
This paper describes the effects of apparent mechanical stim-
ulation on protoplasts and epidermal strips from transgenic 
tobacco and from a moss Physcomitrella. In each case the 
tissues or cells respond by an immediate and transient increase 
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ic. 4. Effect of mechanical stimulation on Physcomftrella cyto-
c Ca 2 -responsive luminescence. Trace is from a chart recorder 
nected to a chemiluminometer. Physcomitrella was mechanically 
ulated by injection of 0.5 ml of water (arrowheads) over 1 or 3 s. 
scomitrella was preincubated for 0.5 hr with 25 gM Ca2 ', 1 MM 
TA, 10 mM La3 , or 0.1 mM ruthenium red (RR) before being 
:hanically stimulated by injection of 0.5 ml of water over 1 s. 
rgy or force with which the stimulus is administered. 
wever, what direct mechanical effect the stimulus is having 
each of these tissues or plants is not clear. 
,n our previous paper (6) we were able to show a relationship 
ween [Ca  2 ] response and seedling movement caused by 
id stimulation. Wind stimulation caused the seedling to 
ot around the root hypocotyl junction. The longer the plant 
s in motion the greater the observed luminescence. How-
rr, we do not know whether increasing the strength of the 
nulus merely recruited a greater number of cells into a 
2+ response or whether it reflected a higher level of 
i2 ] 1 in the same number of responding cells. Furthermore, 
do not know which cells in the seedling luminesced in 
ponse to wind. Our present results suggest that it was tissue 
riding which induced the luminescence. Pfeffer (4) con-
ded that mechanical stimulation relied upon a localized 
aring or differential deformation of a tissue—i.e., tension 
some cells and compression in others. 
Localized deformation is more difficult to visualize in the 
;e of protoplasts. The effects of immediate mixing might 
)pel protoplasts to impact on the walls of the tube, resulting 
temporary deformation. At the protoplast densities used, 
ting each other is less likely. However, if protoplasts do 
pact this does not lead to protoplast rupture. Deformation 
the external membrane might initiate stretch channel ac-
ity, which has been suggested to transduce mechanical 
muli (15). However, we found that the effect of mixing on 
a2 ] was not inhibited by La  31  or Gd3 or EGTA, all of 
tich should inhibit the entry of external Ca2 into the pro -
?last. We cannot exclude a possible internal deformation of, 
example, the vacuole leading to increased stretch channel 
Livity. There should be a mechanism in plant cells for sensing 
rgor pressure and this might rely on sensing cell shape. 
formation caused by impact might then activate this mech-
ism. 
An alternative is that rapid protoplast movement caused by 
ixing initiates shearing forces between the outer membrane 
Ld the solution. Fucus zygotes respond to the rate of fluid 
w and can use this signal to specify the direction of the polar 
axis (16). There is much evidence to relate the formation of the 
axis to [Ca2 ]1 changes. A further alternative is that rapid 
mixing of the solution might lead to turbulent flow and 
temporary pressure changes which transmit directly to the 
protoplast, in a manner perhaps akin to sympathetic vibration. 
Many animals possess cells which respond to fluid pressure 
changes (e.g., in the ear), but here again it is thought that 
plasma membrane stretch channels are involved (17). 
There are many unicellular organisms which respond to the 
simple mechanical stimulation of being shaken (18). Many of 
these are found in the surface waters of phosphorescent seas 
and respond to this minor mechanical stimulation by lumi-
nescing. It is thought that the luminescent signal is induced by 
a change in cytoplasmic pH (19). Since plant vacuoles have 
been reported to contain a Ca  21  /H 1 antiport (20), changes in 
cytosolic pH could explain the transient changes in [Ca 2 ] 
observed here. Cultured cells of Arabidopsis transformed with 
aequorin have also been observed to glow when shaken (Janet 
Braam; personal communication). Since these cells possess a 
rigid cell wall, deformation and localized shearing between the 
wall and the plasma membrane may explain the results in this 
case. 
We were unable to obtain inhibition of the protoplast 
[Ca2 ) transient with ruthenium red. Since we did obtain 
inhibition of wind-induced [Ca 2 ] with ruthenium red (6), this 
suggests a difference between the two processes. The inhibi-
tory site of action of ruthenium red is not understood. Marshall 
et aL (21) reported that ruthenium red could inhibit Ca"  
uptake by plasma membrane vesicles, but the inhibitor is 
generally thought to have an intracellular mode of action (22). 
Since the inhibitor can be rapidly taken up into plant cells, both 
possibilities are open. 
Epidermal strips present a slightly different perspective. In 
response to an increasing energy input into the solution a 
higher [Ca2 ] transient is induced, but this is less dramatic 
than for the protoplast (compare Figs. 2 and 3). Even at very 
slow rates of addition of the medium to the epidermal strip a 
transient up to I uM can be detected. The epidermal strip has 
little rigidity because the epidermal cells have lost turgor. 
Consequently, transient changes in shape easily occur even 
with slight fluid movement. It is possible in this case that the 
Pfeffer requirement (4) of localized shearing and deformation 
could apply. 
The epidermal strips contain only viable guard cells and 
trichomes. It is perhaps easier to visualize the trichomes as the 
cells that are sensitive to fluid movement and even to slight 
movement. Epidermal hairs have been considered to have a 
largely passive function in the physiology of the shoot, being 
mainly concerned with controlling humidity around the leaf or 
inhibiting aphid movement. If it can be shown that the hairs do 
respond mechanically to movement by increasing [Ca 2 ]1, then 
this might help us to reappraise their significance to leaf and 
stem physiology. Transmission of signals might follow as a 
consequence. On the other hand, if guard cells are responsive 
to mechanical deformation or fluid flow, this has important 
consequences for stomatal physiology. 
Use of a range of inhibitors on the epidermal strip suggests 
that it is mobilization of intracellular Ca  2+  which is responsible 
for the transient luminescence induced by movement (Fig. 3). 
Again we have no indication of the mechanism involved, 
although in this case the cells which luminesce have an intact 
cell wall. Our data suggest that stretch channels, or other Ca 2+ 
channels, in the plasma membrane are not responsible for the 
transduction of the mechanical stimulus. 
The results with transformed Physcomitrella are different 
again. Mechanical stimulation induced [Ca 2 ]1 transients but 
only with the most vigorous stimulus. The tissue is a filamen-
tous mat. The mat itself forms a mesh—a network of fila-
ments—and the filaments are composed of strings of single 
cells joined together. The network character of the mat may act 
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to dampen filament movement, except when the stimulus is 
vigorous and the strings can flex. Flexing itself will produce the 
localized shearing and deformation which Pfeffer (4) described 
as necessary for mechanical stimulation. However, the effects 
of inhibitors point to a different mechanism for induction of 
the [Ca 2 ] transient compared with protoplasts and epidermal 
strips. EGTA and La3  do cause some reduction in the 
transient, although a high concentration, 10 mM, is necessary 
in the case of La 31 . External sources of Ca 2l may therefore 
contribute at least in part to the resulting [Ca 2 ]1 transient. 
However, the only source of Ca 2+ available to the plants we 
used was in the cell wall. Physcomitrella was grown on a 
medium containing only I pM Ca2 , with no apparent ill 
effects. In addition, when the cultures were stimulated this was 
carried out with distilled water. With culture preincubation in 
25 A M Ca2 l there was in fact s'ight inhibition of the [Ca 2 '] 
transient, an unexpected result if the external medium was 
contributing to the [Ca 2 ] 1  transient. An alternative explana-
tion of this latter result is that the Ca 2 acts to stiffen the cell 
wall and thus reduce the extent of flexing of the filaments in 
a moving solution. Ruthenium red, however, completely 
blocked the mechanically induced [Ca 2 ] 1 transients. The 
inhibitor sensitivity of these transients, slight to La 3 but 
strongly inhibited by ruthenium red, is similar to those we 
detected with tobacco seedlings. One interpretation is that a 
major contribution of the transduction of the mechanical 
stimulus is occurring inside the cell. Transformation of Phy-
scomirrella with targeted aequorin might help resolve the 
source of Ca2 involved here. 
These three examples, together with those of wind and touch 
stimulation examined previously (5, 6), do not lend much 
support to the notion of a plasma membrane-localized trans-
duction of mechanical signals. Much exciting research has 
indicated that integrins, proteins which link the cell membrane 
to the cytoskeleton, are primary receptors of mechanical 
stimulation in animal cells (23). One of the earliest events 
following integrin signaling is an increase in [Ca 2 }1, and it is 
supposed that this involves, rather directly, enhanced move-
ment of Ca 2+  across the plasma membrane. The mechanical 
sensing devices used by plant cells are certainly not in any way 
understood, but there have been suggestions that plant equiv-
alents of integrins are involved. Indeed Pickard and Ding (15) 
have suggested that integrins might directly influence the 
activity of plasma membrane stretch channels in plant cells. 
While our data say nothing at all about the location of plant cell 
mechanoperception, an initial sensing at the plasma mem-
brane seems most likely. However, a primary component of the 
induced [Ca2 ]1 transient seems to originate within the cell. A 
simple explanation might involve inositol trisphosphate syn-
thesis and release from the plasma membrane. In this case an  
effect of mechanical signaling on plasma membrane phospho-
lipase C activity should be investigated. 
The role of mobilization of [Ca 2 lli as a result of mechanical 
signals seems likely to be the disruption of a previous cytoskel-
eton, allowing a new structure to be rebuilt. This should be 
seen as a necessary precondition of adaptation to the mechan-
ical response. In turn this could lead to the induction of gene 
expression of necessary enzymes or the induction of touch 
genes such as calmodulin (24). Since Ca 2l is not a highly mo-
bile ion in the cytoplasm, the precise spatial location of [Ca 2 111 
increases becomes an important element in determining the 
specificity of a response. Determining the subcellular origin of 
the Ca 21  changes described here becomes the next crucial step 
if we are to understand the transduction of mechanical stimuli. 
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Appendix B 
B: t-test of the differences between two means: 
The t-test was used to test the null hypothesis that a 2 hour incubation at pH4.5 did not 
significantly affect stomatal function when compared with strips incubated at pH6.0 
throughout. Two sources of sample variance were considered for each sample group as 
indications of stomatal function; firstly, the apertures attained at each pH and secondly, 
rates of ABA-induced closure and light-induced re-opening. An example using the first 
source of sample variance is shown below. 
t-test of the differences between mean apertures 
First, the variances in mean stomatal aperture at each time-point were calculated for each 
of the two sample groups (sample group (1) referring to strips incubated at pH4.5 and 
sample group (2) at pH6.0 for 2 hours prior to aperture measurements being made). 
Mean data (gm) is derived from 3 replicate strips sample group -1 , 20 stomata strip* 
The example below is derived from data  obtained 2 hours into the time-course. 
Mean apertures (gm) at t=2 hours 
pH4.5 	I pH6.0 
2.88 	 2.52 
3.33 2.86 
3.10 	1 2.68 
I 	9.31 	I 	8.06 
Mean 	I 3.10 	I 2.69 
2 my 1 0.1013 	 0.0579 
Where: YY = The sum of all replicates 
= [Y-Mean Y] 2 
From Y,y2 , an estimate of the sample group variance (s 2 ) was obtained acording to the 
formula: 
= y2 / (n- 1) 
Sample group 1 (12H4.5): 	S2  = 0.1013 / (3-1) 	= 0.05065 
Sample group 2 (pH6.0): 	s2 = 0.0579 / (3-1) 	= 0.02895 
The null hypothesis states that the two sample means do not differ significantly and 
therefore have the same parametric mean (ie. pi - J12 is assumed to be zero). Thus the 
following equation can be used to test the deviation of the difference between the two 
means from zero. 
(Vi -Y2)-(x1 - J.t2) 
t= 
JI— n11s+n21s 	(i+n2 ) + \ n 1 n 2 fl 1 n2-2 
Where: 
Y = sample group mean 
= parametric mean 
n =sample group size 




- 1)0.05065 + (3- 1)0.02895 
	
3+31 ( ) 3+3 - 2 	 3 x 3 
= 2.5 17 
The observed t-value of 2.517 may then be used to test the null hypothesis by 
comparison with critical t-values of the t-distribution (Sokal and Rohif, 1973). To find 
the critical t-value, the degree of freedom are first calculated as follows: 
df = fl 1 + n 2 - 2 
df = 3 + 3 - 2 =4 
With 4 degrees of freedom the critical t-value at P = 0.05, t 005[4]. = 2.776. Since the 
observed value of t = 2.517 is less than the critical value, there is no evidence to reject 
the null hypothesis and it can therefore be concluded that the means of the two sample 
groups do not differ significantly at P = 0.05. 
t-test conclusion: 
The pH of the pre-treatment incubation medium does not significantly affect stomatal 
function at P = 0.05. 
Appendix C 
C: Two-way Analysis of Variance: 
Two-way analysis of variance (anova) was used to test the null hypothesis that pH of 
the pre-treatment incubation medium and [KC1] do not significantly affect stomatal 
function in the two sample groups. Two sources of sample variance were considered 
for each sample group as indications of stomatal function; firstly, the apertures attained 
at each pH and secondly, rates of ABA-induced closure and light-induced re-opening. 
An example using the first source of sample variance is shown below. 
anova between mean apertures 
The example below shows the anova performed with aperture data obtained 2 hours 
into the time-course. Mean apertures (tm) are derived from 3 replicate strips sample 
group (n = 3), 20 stomata strip 
Factor A: pH of pre-treatment incubation medium 
(a = 2) YY 
Factor B:[KCI] pH4.5 p116.0 






























3.97 15.76 3.66 13.40  











52.56 242.46 53.34 246.09 Total 
105.9 
The following calculations were then performed to construct an anova table: (after Sokal 
and Rohlf, 1973). 
a b n 
1) Grand total = 	Y = 105.9 
a b n 
2) Sum of the squared observations = III Y2= 242.46 + 246.09 = 488.55 
3) Sum of the squared subgroup totals, divided by the sample size of the subgroups 
a 	n 22= (y, Y) = (3.76+3.79+3.28)2+. .. + (5.86+5.86+5.85) = 488.26 
	
n 	 3 
4) Sum of the squared column totals, divided by the sample size of a column 
a b 	2 	2 	2 = (Y- Y-  Y) =(52.56)+(53.34) =467.31 
bn 	 4 x 3 
5) Sum of the squared row totals, divided by the sample size of a row 
b an 2 	2 	2 	2 	2 = 	( 	Y) = (22.92) + (24.24) + (22.86) + (35.88) = 487.14 
an 2 x 3 
6) Grand total squared and divided by the total sample size (correction term, CT) 
a b n 
=(>.Y)2= (105.9)2 =467.28 
abn 	2x4x3 
7) SS total = quantity (2) - quantity (6) = 488.55 - 467.28 = 21.27 
8) SS subgroup = quantity (3) - quantity (6) = 488.26 - 467.28 = 20.98 
9) SS columns = quantity (4) - quantity (6) = 467.31 - 467.28 = 0.03 
10) SS rows = quantity (5) - quantity (6) = 487.14 - 467.28 = 19.86 
11) Error SS within subgroups = quantity (7) - quantity (8) = 21.27 - 20.98 = 0.29 
Anova Table 
Source of variation df SS MS 	F 
Subgroups 5 20.98 4.20 
columns (p11) 1 0.03 0.03 	1.66 
rows ([KC1]) 3 19.86 6.62 	367.77 






F-values obtained by testing the mean squares (MS) of rows and columns over the error 
MS may then be used to test significance by comparison with critical F-values of the F-
distribution (Sokal and Rohlf, 1973) as follows: 
Significance test for columns (pH) 
To test the null hypothesis that pH of the pre-treatment incubation medium does not 
affect stomatal function: 
Observed F-value = 1.66 	 Critical F-value 0.0511,161 = 4.54 
Since the observed F-value is less than the critical value, there is no evidence to reject 
the null hypothesis and it can therefore be concluded that the pH of the pre-treatment 
incubation medium does not significantly affect stomatal function at P = 0.05. 
Significance test for rows (KC1 concentration) 
To test the null hypothesis that [KC1] in the incubation medium does not affect stomatal 
function: 
Observed F-value = 367.77 	 Critical F-value 0.05[3,161 = 3.29 
Since the observed F-value greatly exceeds the critical value, the null hypothesis is 
rejected and it is concluded that [KC1] in the incubation medium significantly affects 
stomatal function at P = 0.05. 
Anova conclusions: 
Stomatal apertures attained do not differ significantly with pH of the pre-treatment 
incubation medium, but do differ highly significantly with [KC1] in the incubation 
medium. Significantly wider apertures are observed in 50mM KC1. 
